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ABSTRACT
INVESTIGATION OF GENETIC VARIATION IN PHYTOPHTHORA CAPSICI
SEPTEMBER 1997
ZHENG PAN, B.S., FUDAN UNIVERSITY
M.S., FUDAN UNIVERSITY
Ph.D. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Robert L. Wick

Phytophthora capsid is a destructive pathogen of tomato, pepper and cucurbits
worldwide. Its genetic variation has a significant impact on disease management.
Morphological analysis, fungicide resistance, isozyme analysis, internal transcribed
spacers (ITS) and random amplified polymorphic DNA (RAPD) analysis were used to
investigate the genetic variation in the genome of Phytophthora capsid from Western
Massachusetts, Long Island, New York and Quebec, Canada. Isolates from the first two
locations contained both mating types: A1 and A2. Only one mating type, A2, was
present in Quebec, Canada. The morphological characters used in this study included
length and width of sporangia, length of pedicel, length and width of antheridia, and
diameters of oospore and oogonia of P. capsid. All morphological characters had
significant variation among the three collections. Within each collection, there were
significant differences between isolates and between characters. There were no significant
differences in resistance to the fungicide metalaxyl among the three collections, but more
fungicide resistance was observed in the collection from Massachusetts. Crosses between
the most resistant and sensitive isolates were performed. The banding patterns of the

isozymes: glucose-6-phosphate dehydrogenase (G6PDH), glucose-6-phosphate isomerase
(GPI), Malate dehydrogenase (MDH) and Malate dehydrogenase NADP (ME) were
examined. The results from isozyme analysis showed no difference among isolates. ITS
analysis revealed no difference among isolates, and suggested that the isolates may have a
very close genotype. In RAPD analysis, twenty 10-mer random primers were tested and
the banding patterns were analyzed with MacClade 3.5.1. The results suggested that (1)
isolates of the same mating type tended to cluster together; (2) Massachusetts isolates
were spread throughout in tree, suggesting more genetic variation; (3) New York and
Canadian isolates were relatively close, implying less variation; (4) progenies of
metalaxyl resistant and susceptible isolates tended to cluster with one parental isolate,
although some were widely divergent indicating that genetic variation arose from sexual
reproduction. Canadian isolates, which lacked sexual reproduction, had less genetic
variation, and less metalaxyl resistance. This research demonstrated that DNA
recombination during sexual reproduction can generate genetic variation that can lead to
increased opportunity of occurrence of fungicide resistance. The RAPD technique was
used to develop a Phytophthora capsici specific probe and primers for pathogen
identification and detection.
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CHAPTER 1
LITERATURE REVIEW

Introduction
The fungal genus Phytophthora achieved notoriety due to an historical event. In
1845-1846, Phytophthora infestans, the late blight pathogen, devastated potato crops
throughout Northwestern Europe. The blight epidemic and the ensuing tragic famine in
Ireland stirred a debate about the nature of plant disease which, for the first time, put plant
pathology on the scientific agenda. Since then, many other destructive plant diseases caused
by Phytophthora species have been discovered. This group of fungi still causes major losses
in crops as diverse as potato, soybean, alfalfa, peppers, citrus and avocado, as well as in
natural plant communities.
It is generally accepted that Phytophthora and other oomycetes are not true fungi.
Their unicellular thallus, and the composition of their cell walls, set them apart from
members of the fungal kingdom. Most mycologists place the oomycetes in kingdom
Protoctista. However, oomycetes are functionally like fungi, and for convienience are often
referred to as fungi.
Phytophthora capsici Leonian (1922) was first described in 1922. It causes a

widespread and destructive disease of peppers in many areas of the United States including
Massachusetts (Farr, et al., 1989). The pathogen also causes disease of tomato, eggplant,
cucumber, watermelon, pumpkin, squash, cocoa, and macadamia (Kellam and Zentmyer,
1986; Kreutzer, et al., 1940; Kunimoto, et al.,1966; Satour and Butler, 1989; Wiant and
Tucker, 1940). Symptoms of the disease on solanaceous and cucurbit hosts include
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damping-otT, foliar blight, stem lesions, fruit rots, and a root and crown rot (Ristaino, ct al.,
1995).
Since pathogenic fungi, such as Phytophthora, can cause dramatic economic losses
of agricultural crops, one of the primary goals of plant pathology has been to formulate
strategies for disease management. The methods usually have been based on genetic
resistance of the host plant, or the application of chemical fungicides. In rare cases,
individual resistance genes or fungicides have maintained their effectiveness for several
decades (Ko, 1988). However, the salient feature of decades of increasingly intensive
agriculture, based in large part on crop uniformity, is the ability of pathogen populations to
evolve rapidly and adapt to genetic or chemical control measures. Thus, understanding the
population genetics of plant pathogens is important for disease management. Population
genetics can be described as both the population structure and genetic variation in the
population. The amount of genetic variation within a population indicates how rapidly a
pathogen can evolve. This information may be used to predict how long a control measure
is likely to be effective. An understanding of population genetics of plant pathogenic fungi
will lead to more sustainable management.
The primary objective of this research was to use different genetic markers to test
the genetic variation in local, as well as disparate populations of Phytophthora capsici, and
to develop molecular techniques to detect this disease in infected plant materials and soil.

Population Genetics
A population is a collection of organisms that function together as a unit. A species
is a particular kind of population, one in which all members are potentially able to
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interbreed with one another; however, many species are split into two sexes within which
interbreeding cannot occur. A population can be part of a species, a so-called local
population, or it can refer to groups of organisms that do not usually interbreed, like certain
microorganisms and some plants (Roughgarden, 1979).
Species can be divided into groups of individuals that share kinship, as indicated by
genetic or physical similarity. In some cases a large part of the diversity among individuals
in a species is found in this way among local populations. Therefore, a genetic population
can be usefully defined as a group of conspecific organisms that share greater kinship with
each other than with the members of the other similar groups. McDonald and McDermott
(1993) defined a population as a group of individuals sharing a common gene pool and
present in a limited geographical area.
The individuals in natural populations are never genetically identical. Indeed, the
genetic variation among the individuals in a population is patterned in remarkable ways.
Genetic variation has two components: allelic diversity and non-random associations of
alleles. Alleles are different versions of the same gene at a given locus. Allelic diversity is
simply the number of alleles at each locus scaled by their frequency in the gene pool.
Linkage disequilibrium is a measure of association between alleles at different loci. If each
gene assorted entirely independently, the gene pool would be at linkage equilibrium.
However, if some alleles are often found together in organisms, these alleles would be in
linkage disequilibrium. Linkage disequilibrium can result from the physical proximity of
the genes, or be maintained by natural selection if some combinations of alleles are favored.
Genetic variation can occur without morphological change, and morphological change can
occur without genetic variation.
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The forces that genetically differentiate populations are genetic drift, natural
selection, and DNA crossover mechanisms. Most often, populations are regional; that is, the
isolating mechanism that has reduced the movement of breeding individuals (and therefore
the transfer of genes) is usually distance or some geographic barrier. The size of a
population is important to the maintenance of

genetic variation. The evolution of a

population is largely dependent on its effective size which is the average number of
individuals in a population that have equal genetic contributions to the subsequent
generation. When population size fluctuates or when non-random motion limits the number
of reproductivelv active individuals in the population, the effective population size will be
closer to the minimum number of individuals in the cycle or the limiting number of
reproducing individuals. This has the effect of reducing the level of genetic variation in the
population (James, 1974).
Many mechanisms affect genetic variation. Some factors decrease genetic variation,
such as natural selection and gene drift. The predominant force in molding evolutionary
change is natural selection, which reflects the total of all the interrelated environmental
challenges that an organism must overcome in order to survive and reproduce. Over a
period of time natural selection or differential reproduction will result in changes in the
frequency of alleles in the gene pool, or greater deviation from the nonevolving state, the
Hardv-Weinberg equilibrium. This law states that the gene frequencies, or ratios of different
genes in a population, will remain constant unless they are changed by outside forces, such
as selective reproduction and mutation (Colby, 1995).
Genetic drift is a change in the gene pool due to chance. The effects of genetic drift
are inversely proportional to population size. The frequency of allele loss is greater the
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smaller the population. Thus, small populations tends to possess less variation because
mates are more similar genetically.
The mechanisms which increase genetic variation include: mutation, recombination
and gene flow. Mutation regularly introduces new alleles into a population (often assumed
to be at a rate on the order of 1CT6). Therefore, on average, one out of a million individuals
has a mutant allele for any particular gene. As a result, a large population containing
millions of individuals will have many more mutant alleles present for natural selection to
act upon than a smaller one. However, most mutations are slightly deleterious or neutral;
many sites, even in coding regions, can undergo mutation and still maintain the function.
The overwhelming majority of mutations that produce any detectable phenotype effect are
deleterious (McDonald and McDermott, 1993).
Recombination or gene shuffling can occur not only between genes, but within
genes as well. This process can add new alleles and combinations of alleles to the gene
pool.
The other mechanism inputting genetic variation is gene flow. New genes can be
introduced into a population through new breeding organisms or gametes from another
population, which can reflect the effect of migration. Gene flow can work against the
processes of natural selection.
Previous studies of population genetics were based on phenotypic characters and
growth conditions. Phenotype is the morphological, physiological, biochemical, behavioral
and other properties exhibited by a living organism. Phenotypic changes may be induced
solely by changes in environment. Most changes due to environment are fairly subtle
(Colby, 1995). Molecular biology has introduced accurate and efficient molecular markers
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into population genetics. These markers allow more precise evaluation of genetic variation
and will add to the knowledge of population genetics.

Population Genetics of Plant Pathogenic Fungi
Plant pathogenic fungi have had an important economic and social impact on
humans since the evolution of agriculture. Despite the introduction of new fungicides and
new resistant cultivars of crops, plant diseases result in an annual loss of 5-10% of crops in
industrialized countries (Agrios, 1988; Johnson, 1984). Disease management has been
hampered by the fact that phytopathogenic fungi can become resistant to fungicides and
overcome host resistance. Their genetic variation is an important factor in these processes.
Plant pathogenic fungi offer opportunities to study population and evolutionary biology.
Fungi have distinct life histories which may contain exclusive sexual and/or asexual
reproduction, haploid and diploid stages, special dispersal mechanisms, and are easily
collected. The study of the basic processes of population genetics is easier within fungal
population than other organisms (McDonald and McDermott, 1993).
Population genetic analysis of pathogenic fungi is based upon genetic markers.
Traditional markers include morphological characters, virulence and resistance to fungicide.
Morphological characters may be unstable as well as influenced by environmental and
chemical conditions.

Virulence and resistance traits are subject to strong selection in

agricultural systems and are likely to give biased estimates of the potential for genetic
changes in pathogen populations. Accurate measures of genetic variation and appropriate
conclusions about the genetic structure of populations require neutral genetic markers
independent of the strongly selected characters.
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In the past decade, genetic markers discovered by electrophoresis have been applied
to the study of

populations of pathogenic fungi (McDonald and McDermott, 1993).

Electrophoretic markers can more precisely characterize the evolution of pathogen
populations and allow less biased measurements of genetic variation. Estimates of the
relative contributions of sexual and asexual reproduction, the tagging of specific genotypes,
and monitoring of their migrations, can be better performed via electrophoresis than by
morphological characteristics or virulence.
The use of total soluble-protein electrophoresis marked the beginning of modem
population genetics (Brasier, 1991). However, the quantitative analysis of protein profiles is
complicated by the presence of numerous bands. Minor bands that may be of critical
taxonomic value can be obscured by the presence of intense major bands. Biosynthesis of
some proteins may be under environmental or developmental control and protein patterns
may vary.
Isozymes are easily assayed, stable, generally under simple genetic control,
selectively neutral, and codominant which is important in a diploid organism like
Phytophthora (Brasier, 1991; Oudemans and Coffey, 1991b). Heterozygous individuals can
be distinguished from homozygotes. Isozymes are defined as variant forms of an enzyme
which share the same catalytic functions, and allozymes are isozymes whose variant forms
are coded at the same locus. Allozymes are therefore allelic to each other, and are ideal for
population studies, because the best analytical methods depend on knowledge of allelic
frequencies and distributions. Isozyme analysis is based on cytochemical staining of
specific enzymes separated by electrophoresis in starch or polyacrylamide gels. Differences
in the electrophoretic mobility of an enzyme can be attributed to mutations which result in
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an overall change in the net charge of the protein. Estimates of the probability of detecting
such mutational events in starch gel electrophoresis range from 30 to 80% (Nei, 1987). To
date there are approximately 70 enzyme systems which have been used with various
organisms (Oudemans and Coffey, 1991). However, for pathogenic fungi, they are limited
in number and many lack sufficient variation for isozymes to be useful for population
studies. Recent techniques developed for the analysis of DNA have overcome many of the
problems associated with soluble protein and isozyme analysis. DNA analysis can provide a
large number of characters that are not affected by changing environmental conditions.
Through numerical data analysis, genetic differences and variations can be quantified.
Restriction fragment length polymorphisms (RFLPs) are based on the hybridization
of DNA probes to digested DNA fragments produced by restriction enzymes and size
fractionation after electrophoresis in agarose gels. The alleles at RFLP loci are the DNA
restriction fragment size variants caused by insertions, deletions, or restriction-enzyme site
changes along the section of DNA where the probe hybridizes. Variation in both coding and
noncoding regions of DNA among homologous sections of chromosomes or mitochondria
can be detected. RFLP loci are more variable than isozymes, are selectively neutral, and
codominant. The main drawbacks of RFLP analysis are that it is expensive to carry out and
requires technical expertise.
Quantitative analysis of restriction fragment patterns is prone to several kinds of
error: 1) scoring of nonhomologous fragments of the same size as identical; 2) lack of
detection of small insertions or deletions, especially in larger DNA fragments; 3)
overestimation of divergence, if length mutations are scored several times in multiple
digests; 4) inability to differentiate different mechanisms of mutation (site mutations, length
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mutations, rearrangements). In comparisons of more distantly related isolates, fragment
differences may be due to several mutational events. Mutation rates are known to be
different in different regions of the genome. The use of a number of restriction
endonucleases and the scoring of many fragments, can minimize errors and allow good
estimates of genetic relationships between isolates (Foster and Coffey, 1991).
DNA fingerprinting is a technique derived from RFLPs, which uses probes to detect
moderately repetitive DNA sequences in the genome. It offers an extremely powerful tool
for population studies of asexual reproducing organisms, such as many fungi, because it
can be used to distinguish different clonal lineages in a population with a high degree of
certainty (McDonald and McDermott, 1993).
A fairly recent technique is random amplified polymorphic DNA (RAPD) analysis
based upon the polymerase chain reaction (PCR) with random primers (Williams, 1990). It
is attractive because background knowledge of the genome, such as the size of genome and
the number of chromosomes, is not needed, and it can screen a large number of isolates
with a small amount of sample DNA. Variation is usually detected as the presence or
absence of amplified DNA fragments. The genetic variation detected appears to be a
random sampling of the target genome. The same sets of random primers can be used on
any organism and the number of primers is nearly infinite. The major shortcoming of
RAPD is that RAPDs are generally dominant, and although heterozygotes can't be
differentiated from homozygotes, increasing the number of RAPD markers alleviates this
problem. Results can be sensitive to experimental conditions, but with experience,
reproducibility is high.
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The amount and distribution of genetic variation within and between populations
(genetic structure) are affected by population size, reproductive processes, gene flow and
selection. Most pathogenic fungi primarily reproduce asexually, so a local population (field)
may contain only a limited number of different genotypes. The population size may be
large, but the effective population size (the number of potentially breeding individuals) may
be small. However, in some cases, a large amount of pathogen variation can be present in a
field or even on a single host plant (McDonald and McDermott, 1993).
Pathogen populations contain a large reservoir of genetic variation for both DNA
markers and pathogenicity. Many or most pathogenic fungi possess sufficient genetic
variation to quickly adapt to the genetically uniform monocultures that dominate modem
agriculture. If sexual reproduction is a regular part of the pathogen's life cycle, it is likely
that new combinations of virulence genes will arise that can overcome resistance genes
introduced by plant breeding. In this situation, the best strategy for plant disease
management may be to deploy individual resistance genes in different host genotypes that
are grown as a cultivar mixture (McDonald and McDermott, 1993). If sexual reproduction
is absent or extremely rare, carefully chosen combinations of resistance genes in a host
genotype may provide an additional strategy for control.
Geographical distance between pathogen populations does not necessarily reflect
genetic distance. Population subdivision may reflect changes due to selection for specific
virulence genes or fungicide-resistance genes. Gene flow between populations may
overcome population divergence due to random processes such as genetic drift.
Obviously, selection is an important determinant of the ultimate genetic
composition of a population of an obligate pathogen that cannot reproduce outside of its
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host. It is not certain that selection is the dominant force acting on populations of pathogens
that have a broad host range or significant saprophytic capabilities, since the virulence of
these pathogens is multigenic.

Population Approaches in Phytophthora
The Oomycete genus Phytophthora consists of over fifty morphological species.
Most are plant pathogens. This genus has exhibited considerable impact on humans.
Phytophthoras have a genetic system more akin to higher organisms than to most true fungi
(Brasier, 1992). Phytophthoras have diploid vegetative nuclei, meiosis occurs in the
gametangia prior to gamete formation rather than after zygote formation, and possess a
range of reproductive mechanisms including free-swimming zoospores (asexual), algae-like
gametangia, and a complicated system of sexuality (Brasier, 1992a).
The population genetics of Phytophthora has undergone rapid development in the
last several years. This is due to several methodological advances. Most of the progress was
made in the study of Phytophthora infestans, the cause of late blight of potato. Research
into the biology and management of Phytophthora requires a vigorous and healthy
approach to its genetics and systematics. The population approach relies on the increasing
importance of molecular characters.
Phytophthora, based largely on morphological criteria, consist of about fifty
species, together with a small number of varieties and formae speciales. Waterhouse (1963)
arranged them in six groups distinguished mainly on the structure of the sporangial apex
and on the occurrence of paragynous or amphigynous antheridia. In 1978, Newhook (1978)
introduced an important new emphasis on the sporangial pedicel, a critical character in
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caduceus species which include P. capsici. Problems in nomenclature have existed due to
the usage of morphological criteria and the breadth of the species concept. Tucker (1931)
questioned the value of sporangial and gametangial characteristics as taxonomic criteria
(together

with

temperature

relations).

Leonian

(1925,

1934),

concerned

by

the

morphological plasticity of Phytophthoras, advocated the use of physiological characters. In
recent decades, the comparative utility of morphological and nonmorphological criteria and
the nature of the "species" have been increasingly debated. The issues raised include
(Brasier,

1991):

1)

The

small

number of morphological

characters

available

in

Phytophthora, which are based principally on the structure of sporangia and gametangia. 2)
The plasticity of morphological structures themselves, e.g. variation in sporangia size in P.
nicotianae (syn. parasitica) or in sporangial and oogonial morphology in P. megakarya. 3)
Overlap between spore sizes in different taxa, as shown for example in the oogonial sizes.
4) Variation in morphological structures under different cultural and environmental
conditions; e.g. P. capsici forms rounded persistent sporangia in darkness but elongated
caduous sporangia in light.
The techniques of population genetics can be applied to the study of the taxonomy
of Phytophthora. Brasier (1983) suggested that there may be “morphologically similar but
physiologically distinct species in the genus” and called for a shift towards a population
approach to Phytophthora systematics to more accurately define taxa limits. This will
require the estimation of variation in larger samples using discontinuous and continuous,
molecular and behavioral characters. Gene flow, natural selection, gene drift and
recombination play important roles in the formation of species.
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Despite the difficulty of reconstructing the ancestral origins of modem taxa, it is
relatively easy to envisage the role of natural selection in their evolution. The geographical
spread of crop plants by development of crop monocultures may have had a special role,
resulting in rapid evolution of introduced Phytophthora under intense host selection
pressure. Examples include the characteristic biotype of P. palmivora found on cocoa pods
and the host-associated biological species P. megasperma (Brasier, 1991).
Much also needs to be understood about the genetic systems in Phytophthora and
their role in generating the variation on which selection acts. This includes the role of
selfing vs outcrossing, of homozygosity vs heterozygosity; of diploidy vs polyploidy; of
linkage and of recombination frequency; and of sexual vs asexual reproduction and so on.
The effect of gene flow between populations is restricted by the following processes
of Phytophthora: geographical isolation, habitat isolation and pre- and post-zygotic
isolation. Geographical isolation and habitat isolation are assumed to have played a major
role in the radiation of Phytophthoras, but little information is available despite emerging
theories on the geographical origins of some species. The barriers to gene flow are believed
to be vegetative incompatibility, or be behavioral, chromosomal, gamete recognition,
gametic abortion, zygotic abortion, or poor hybrid vigor. In heterothallic Phytophthoras
such mechanisms are demonstrated in observed failure of hybrid oospore formation and of
germling survival in interspecific crosses (Brasier, 1991).
Current unsolved questions in Phytophthora taxonomy are unlikely to be answered
by traditional methods that are based on morphology. Few definitive characters are
available and a high degree of morphological variability is found within some species.
Molecular techniques offer new approaches to the elucidation of Phytophthora genetics.
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They allow for the analysis of fundamentals of variation in the population and have already
resulted in a reanalysis of systematic concepts. Molecular approaches range from the
nucleic acid (DNA) level to the protein level.
The profile of proteins following electrophoresis can be used to compare and
discriminate populations, and can be a clear and effective tool. It has provided support for
the separation of morphospecies within P. palmivora on cocoa, for the separation of P.
cactorum from P. pseudotsugae sp. nov.; and for the separation of biological species within
P. megaspemia. It also supports the concept that P. cryptogea and P. drechsleri are
conspecific. Present evidence suggests that protein electrophoresis can give excellent
discrimination at the morphospecies level. Intraspecific variation seems to be small and
high levels of similarity may indicate conspecificity.
Isozyme analysis is another method extensively used to discriminate taxa in
Phytophthora (Oudemans and Coffey, 1991b). For Phytophthora, approximately 30
enzyme systems have been screened; 17 enzymes have been resolved, and 7 enzymes
stained for two putative loci, making a total of 24 identifiable loci (Oudemans and Coffey,
1991). To investigate the level of intraspecific variation present in a Phytophthora species,
isolates are collected from a large range of host plants and geographical locations. For each
isolate, the data, is expressed in the form of electrophoretic mobilities of several enzyme
loci, compared with other isolates. This comparison is expressed in a distance matrix with a
computer program. The genetic distance ranges from zero to one, with zero denoting
complete

identity

and

one

complete

dissimilarity.

Isolates

can

be

grouped

into

electrophoretic types (ETs) with identical multilocus phenotypes. An unweighted pair
grouping with mean averaging cluster analysis can be used to calculate the divergence
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among ETs of each species. Where more than one cluster is found per species, each cluster
is treated as a subgroup. Interspecific comparisons are made using representative isolates
from each species. Thus, interspecific comparisons are based on the maximum diversity
seen within a species and an evaluation can be made concerning the validity of each tested
species on the basis of genetic distance.
More intrataxon variation is usually

revealed with Ets than with total protein

profiles. For this reason, isozyme analysis is better at discriminating complexity below the
species level, and has been used to measure intraspecific variation in P. infestans and P.
cinnamomi. Isozymes can also be used to assess allele frequencies, Hardy-Weinberg
equilibria, homozygosity and heterozygosity levels in population samples, and to estimate
inbreeding or outbreeding frequency. Isozyme analysis will potentially contribute to our
understanding of the fine structure of Phytophthora populations, including information on
the geographical spread of Phytophthoras from putative centers of origin, and to host plant
or habitat adaptation.
Many questions of systematics and population genetics are likely to be resolved by
analysis of DNA polymorphisms, however the number of available isozymes and the
polymorphic isozyme patterns are limited,. Considerable progress has been made in
Phytophthora studies. Analysis of mitochondrial DNA (mtDNA) restriction fragment
patterns has been used for the classification of a variety of organisms including animals and
higher fungi (Foster and Coffey, 1991). mtDNA is a relatively small molecule, with sizes
between 36.2 kb and 45.3 kb reported for Phytophthora. There is no evidence for
recombination between mitochondrial genomes during sexual reproduction and therefore
mtDNA is passed intact
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Table 1.1 Enzyme stains for Phytophthora (Oudemans and Coffey, 1991)

EC. number

Locus

No*

Diaphorase

1.6.4.3.

DIA

2

Glucose-6-phosphate dehydrogenase

1.1.1.49

G6PDH

1

Isocitrate dehydrogenase

1.1.1.42

IDH

2

Lactate dehydrogenase

1.1.1.27

LDH

2

Malate dehydrogenase

1.1.1.37

MDH

2

Malic enzyme

1.1.1.40

ME

1

Phosphogluconate dehydrogenase

1.1.1.44

6PGD

2

Superoxide dismutase

1.15.1.1

SOD

1

Adenylate kinase

2.7.4.3

AK

1

Hexokinase

2.7.1.1

HEX

2

Phosphoglucomutase

2.7.5.1

PGM

1

Glucosephosphate isomerase

5.3.1.9

GPI

1

Mannose-6-phosphate isomerase

5.3.1.8

M6PI

2

Triose phosphate isomerase

5.3.1.1

TPI

1

Aconitase

4.3.1.3

ACO

1

Peptidase

3.4.3.1

PEP

1

Fructose-1,6-diphosphatase

3.1.3.11

F16DP

1

Enzyme System
Oxidoreductases

Transferases

Isomerases

Others

♦Number of putative loci observed.
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from parents to progeny regardless of any rearrangements that may occur to the nuclear
genome. This property of mtDNA makes it a very useful marker for migration events. If a
previously unknown mtDNA type is introduced to a new location it will serve as a marker

for the clonal progeny of that mtDNA, whether or not sexual reproduction is occurring.
These properties of the mtDNA make it ideal both for studying population genetics and for
/

elucidating the evolutionary relationships among Phytophthora species. Forster et al (1988,
1990) employed restriction enzymes to digest

the mtDNA from seven Phytophthora

species and illustrated the characteristic patterns of species. Since many restriction enzymes
are available, extensive comparative analysis can be performed.
Comparisons between mtDNA and nuclear DNA analysis have been carried out for
P. capsid and P. parasitica (Foster and Coffey, 1991

and Foster, et al.,

1990).

Polymorphisms in nuclear DNA were detected by hybridization with random cloned single
or low copy DNA fragments from each species which were 500-4500 bp in size. Most of
the cloned fragments did not hybridize to DNAs from other species, which may indicate
that they were derived from non-coding or nonessential frames of the genome. The degree
of variation was much more pronounced among nuclear DNA than among mtDNA in both
species. This may be due to the cloning of nonessential DNA regions. It is known that non¬
coding DNA accumulates mutations much faster that coding DNA. When the dendrograms
based on the nuclear and mitochondrial DNA analysis were compared, the dendrograms for
P. capsici were found to be almost identical. However, the same comparison was difficult to
make in P. parasitica, since there was so little variation within the mtDNA. Isozyme
analysis and mtDNA RFLP correlate well. Most isozymes are considered to be encoded by
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nuclear DNA, confirming the finding that mtDNA and nuclear DNA data agree. Although
isozyme analysis is less time consuming for genetic studies, DNA markers are more
conclusive and a large number of markers can be obtained by screening for polymorphism.
Random amplified polymorphic DNA (RAPD) analysis has been used to evaluate
intraspecific and interspecific variation in Phytophthora. Most progress has been made in
the region of rDNA, For detection and identification purposes. Ristaino et al (1995)
developed sets of primers targeted to rDNA and internal transcribed spacers (ITS). After
digesting the amplified fragments with restriction enzymes, they found that the PCR
fingerprint patterns from the Rsa I digests of Phytophthora nicotianae and Phytophthora
megasperma were unique, while the Hae III digests separated Phytophthora citrophthora
from Phytophthora cryptogea, and Phytophthora cinnamomi from Phytophthora fragariae.
Phytophthora citricola and Phytophthora capsici fingerprints were similar in digests of
both restriction enzymes. Intraspecific variation of Phytophthoras has not been explored
with this technique.
The potential use of DNA probes for the rapid diagnosis of plant disease was
demonstrated by Goodwin et al (1991). They selected DNA clones which clearly
distinguish multiple copy nuclear DNA of P. nicotanae (P. parasitica) from that of seven
other Phytophthora species. Such techniques provide a rapid and highly sensitive method of
identification of Phytophthoras in soil and contaminated plant material.
The various methods mentioned above have demonstrated that Phytophthoras have
different genetic structures. Some species are quite uniform at the genetic level (P.
palmivora, P. parasitica, P. cactorum, P. infestans), while others are much more variable.
Within many of the variable species, rather uniform subgroups may be present which
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correlate with a specific host plant or geographic origin. Forster and Coffey (1991)
suggested that most Phytophthora species have a clonal population structure. A very high
degree of uniformity within subgroups or within a species might be an indication of a recent
evolutionary origin without sufficient time for mutations to accumulate. It is possible that
selective constraints such as host specificity operate to maintain genetic uniformity. They
also found no correlation between intraspecific variability and homo- or heterothallism. In
heterothallic species, the sexual cycle might occur infrequently or not at all in the natural
environment and asexual propagation may predominate. Brasier (1987) has proposed that
clonal populations in heterothallic species might arise either by reduction of outcrossing
ability or by loss of the sexual stage altogether, as a response to severe ecological
disturbances. With some heterothallic species, where only a single mating type is present,
only infrequent selfing is possible.
Another fundamental question about the genus Phytophthora is heterothallism: the
necessity of two different mating types for sexual reproduction. About half the fifty or so
morphological species of Phytophthora are homothallic, producing gametangia promptly
and abundantly from a single isolate. The other half, including many economically
important species, are heterothallic. Outbreeding potential in heterothallic species is an
issue of current debate. Galindo and Gallegly (1960) found each isolate of P. infestans was
bisexual, and demonstrated that sexuality (maleness and femaleness) was independent of
mating type. The two mating types are more correctly termed compatibility types. Their A1
and A2 compatibility types were later shown to be universal among heterothallic
Phytophthoras. When A1 and A2 are paired, formation of sexual structures results from
hormonal stimulation by the opposite isolate (Ko, 1988). Sexual structures produced on the
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Phytophthora is unique among fungi in this respect and pairing for the purpose of obtaining
sexual structures can be accomplished by using different species. Genetic exchange between
Als and A2s of same species is reasonably well documented (Erwin and Ribeio, 1996),
including evidence for recombination using molecular markers in both P. parasitica and P.
infestans. Hardy-Weinberg equilibria among natural populations of P. infestans in Mexico
also indicates that regular outcrossing occurs there.
With the application of new techniques, population genetics, systematics and
taxonomy of Phytophthoras will experience rapid change. More accurate genetic structure
will be delineated and new management practices for plant pathogenic fungi can be found.

Population Genetics in Phytophthora capsid

Phytophthora capsid was originally reported as a pathogen of green pepper in New
Mexico, USA (1922). Leonian described P. capsid as having papillate, generally ovoid,
sporangia with extremely variable dimensions averaging 60 x 36 pm, brown colored
oospores 25 - 35 pm in diameter, lacking chlamydospores, and being pathogenic to stem
and fruits of mature pepper plants (Capsicum annuum L.). Later researchers included
Phytophthora isolates from other host plants which exhibited the morphological features of
P. capsid. Recently, in an amended description of P. capsid, isolates previously designated
as P. palmivora Morphological Form 4 (MF4) from Piper nigrum and Theobroma cacao,
some of which formed chlamydospores, were reclassified as P. capsid (Tsao and Alizadeh,
1988). In contrast, Uchida and Agaraki (1989) proposed a new species, P. tropicalis, for
isolates of tropical origin, on grounds of their production of chlamydospores, ellipsoid-
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isolates of tropical origin, on grounds of their production of chlamydospores, ellipsoidlanceolate-turbinate sporangia of length:breadth ratios 1.8-2.5 (diam. 20-26 pm), with long
pedicels of 26-230 pm, and avirulence to pepper (Capsicum annuum L.).
Continuous rather than discrete intraspecific variation of P. capsid was observed in
sizes of sporangia, pedicels, and oospores based upon host (Ristaino, 1990). The relative
virulence of isolates was tested on pepper and the morphological characteristics of
sporangia and oospores were evaluated. All pepper and some cucurbit isolates of P. capsid
were highly virulent on pepper, whereas other cucurbit isolates were less virulent on pepper
and sporangia of cucurbit isolates were less variable in length than pepper isolates. Pedicel
lengths of sporangia were highly variable among isolates from both hosts. The potential
exists for sexual recombination and oospore formation to occur in some local populations
when both mating types were present (Galindo and Zentmyer, 1967 and Galindo and
Gallegly, 1960).
In a survey of 84 isolates of P. capsid using isozyme analysis (Oudemans and
Coffey, 1991a and Oudemans and Coffey, 1991b), 19 ETs were resolved with 18 isozyme
loci. Oudemans and Coffey concluded that P. capsid has a very high degree of genetic
variability and demonstrated the existence of three isozyme subgroups within P. capsid:
CAP1, CAP2, and CAP3. Unexpectedly, isolates previously identified as P. palmivora
'MF4' were distributed in all subgroups. The subgroup CAP1 displayed isozyme variability
and contained isolates from hosts such as Capsicum

sp., squash, tomato, cucumber and

eggplant as well as isolates previously identified as P. palmivora 'MF4' from cacao and
black pepper (Piper nigrum). In addition, one representative of P. mexicana clustered with
this subgroup. The second subgroup, CAP2, contained a wide range of isolates from black
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pepper ('MF4' isolates), macadamia, papaya, and rubber. The isolates of this subgroup
tended to be restricted in distribution to more tropical latitudes. The isolates described by
Uchida and Aragaki (1989) as P. tropicalis were found in Hawaii and were morphologically
distinct from other isolates in terms of sporangia shape and size as well as production of
chlamydospores; They fell within CAP2 based on isozyme analysis. This subgroup could
represent a distinct biological species. The third subgroup, CAP3, was composed of a single
ET and contained 'MF' isolates derived strictly from cacao in Brazil. None of the other
cacao isolates from Mexico, Central America or Cameroon occurred in this subgroup.
Another species, P. mexicana, is represented by a single known isolate. It is closely
related to P. capsid morphologically and was originally described as a pathogen of tomato
by Hotson and Hartge (1923). They distinguished it from P. capsid based on the tuberous
appearance of its mycelial colonies produced on hard potato agar. Unlike P. capsid, the
species was also described as homothallic, producing oospores with amphigynous
antheridia at 8-10°C. In addition, Waterhouse (1983) and Stamps et al (1990) reported the
P. mexicana produced non-caduceus sporangia whilst those of P. capsid were caduceus.
However, Oudemans and Coffey (1991a) found P. mexicana clustered with P. capsid
isolates belonging to their CAP1 isozyme subgroup.
In a more recent study by Mchau and Coffey (1995), isozyme analysis resolved P.
capsid into two major subgroups: Cap A consisting of isolates which were previously
placed in the CAP1 subgroup, and CapB consisting of those in CAP2 and CAP3.
A high degree of mtDNA diversity was found among isolates of P. capsid
compared to isozyme analysis (Foster, et al., 1990). A number of distinct and dissimilar
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types of mtDNA were present. No obvious correlation between pattern types and host or
geographical origin was apparent.
RAPD analysis has promise for application to population studies of P. capsici.
There are currently no published studies on genetic variation based on RAPD analysis.
From a population genetics standpoint, P. capsici etiology influences genetic
variation. The disease is polycyclic, (multiple cycles of inoculum production and infection
occur within a growing season) and dispersal of inoculum from previously infected plants
plays a significant role in the development of epidemics. Unlike some Phytophthora spp.,
oospores of P. capsici play an active role in the infection process. They are the primary
overwintering propagule and the initial inoculum in the field. Other propagule types,
including zoospores, sporangia, and mycelia, may be more important in the dispersal of
inoculum and subsequent spread of infection in the development of an epidemic.
P. capsici is a heterothallic fungus. Pairing between opposite mating types results in
oospore formation and genetic variation (Ristaino, 1990). Oospores are believed to be the
primary overwintering propagules in the field. Both A1 and A2 types of P. capsici can be
found in single fields in some regions, such as North Carolina (Ristaino, 1990) and
Massachusetts. The opportunity exists for oospore formation and for genetic recombination
to occur (Galindo and Zenymyer, 1967 and Galindo and Gallegly, 1960). External stimuli
can also induce oospore formation. Germination of oospores are governed by fungistasis.
Physical and chemical factors, such as light, temperature, soil water potential and rainfall,
influence oospore germination. These factors may also influence reproduction; favorable
conditions lead to more sexual reproduction, more genetic recombination and more
variation.
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Understanding genetic variation in P. cyan an assist disease management The
recess cvxrmor. management tool for Phytophthora blight is fungicide application most
parooikrh with the sv^stemic chemical metal axvl. Widespread use of metala\yl has
'Tec in resistance in several regions. Genetic varan on plays a crucial rele in the nse of
rargicide resistance I heoredcally. more genenc \ ar.ation leads to more opportunities to
develop rargicide resistance. Research of genetic variation in different populations will
provide valuable insight about the development and prevention of fungicide resistance in
rargal populations.
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CHAPTKR 2
MORPHOLOGICAL ANALYSIS 01 rUYTOrUTHORA CAPSICI

Abstract
Morphological analysis is a conventional technique which has been used in
microbial, plant and animal studies to measure the level of genetic variation within a
population and to determine taxonomic relationships. Morphological characters including
length and breadth of sporangium and antheridium, diameter of oogonium and oospore,
and length of pedicel, were measured and the data analyzed with Statistics Analysis
Software (SAS), Jhe characters observed had statistically significant differences among
the three locations where the isolates were collected. Within the three locations, length of
pedicel and antheridium, and breadth of sporangium were consistently significantly
different. These morphological characters were also compared between mating types,
hosts and locations. Length of pedicel and antheridium, and breadth of sporangium were
found to be significantly different.'! hese results suggest that variation in morphological
characters exist, and these characters are relatively variable. More reliable markers are
needed.

Introduction
Leoman (1922) described l*. capsici as having papillate, generally ovoid,
sporangia with extremely variable dimensions, averaging 60x36 pm, brown colored
oospores 25-35 pm in diameter, lacking chlamy do spores, arid being pathogenic to stems
and fruits of mature pepper plants (Capsicum annuum L.). Rhytophthora isolates from
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other host plants, such as tomato and cucurbits, which were morphologically similar
were considered P. capsici by later researchers(Kreutzer, 1937, 1940; Tompkins and
Tucker. 1941). Based on isozyme analysis, Oudemans and Coffey divided P. capsici into
three subgroups: CAP1. CAP2 and CAP3 according to their host range and
morphological characters.
Morphological analysis of reproductive organs have traditionally been used to
investigate variation at the genus and the species levels. It has certain advantages over
other modem techniques. It can be easily conducted with minimum equipment and it is
relatively inexpensive. The morphological characters of P. capsici include length and
breadth of sporangium and antheridia, diameter of oogonium and oospore, and length of
sporangial pedicel. As P. capsici is a heterothallic fungus (Galindo, J., and Zentmyer, G.
A. 1967), exchange of genetic material results in more variation. Previous studies have
shown that these characters are highly variable within the species. Continuous rather than
discrete intraspecific variation of P. capsici in size and shape of sporangia, pedicels, and
oospores has been reported (Ristaino, 1990).
Despite their shortcomings, morphological characteristics have been used to study
the intraspecific variation among isolates of P. capsici from pepper and cucurbit fields in
North Carolina (Ristaino, 1990). Mchau and Coffey (1995) used morphological
characteristics along with isozyme analysis to classify P. capsici isolates.
In this study, morphological characteristics of three collections of P. capsici were
studied to investigate genetic variation and to provide a basis for comparison for further
studies.
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Materials and Methods
Isolation and Culture of Phytophthora capsici. Fungal isolates were collected from
diseased pepper and squash in different locations in Whately and Chicopee, Massachusetts;
Quebec, Canada; and Long Island, New York. P. capsici from western Massachusetts was
cultured directly from pepper and squash onto PVP-H medium (Appendix D, Tsao and
Guy, 1977). Isolates were maintained on hemp-seed water blank (Appendix D) for long
term storage. They were routinely subcultured on V8®agar (Campbell Soup Co. Camden,
NJ, Appendix D, Dingra and Sinclair, 1985) at 25 °C. A total of 30 isolates were obtained
from Chicopee and Whately, Massachusetts (squash and pepper), 20 from New York
(pumpkin), and 10 from Quebec, Canada (pepper).

Colony morphology. Pure cultures were transferred to the center of V8 agar in 9 cm petri
dishes and incubated in the dark at 24 °C. After 5 days, they were examined for colony
morphology against a dark background.

Analysis of Sporangia. Morphological characteristics of sporangia were observed after
incubation on V-8 agar in dark for 1 week at 27°C, and in the light for 1 week at room
temperature. For each isolate, length and width of 25 sporangia were measured, and the
length-breath (LB) ratio was calculated. Sporangia were obtained by removing and tapping
an inverted agar block of culture in a drop of lactophenol (Tsao, 1987) on a glass
microscope slide. Caducity of each isolate was determined, and pedicel length of 25
sporangia per isolate were measured.
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Oospore production and determination of Mating Type. Mating types were analyzed
by pairing isolates with known mating types of P. capsici (PI58 as A1 and P53 as A2
from R. Wick’s culture collection). Transfers of mycelium from unknown isolates were
placed 2 cm apart on V8 agar with either an A1 isolate or an A2 isolate. Paired cultures
were incubated in the dark at 27°C for up to 2 weeks. 25 oospores, oogonia, and
antheridia were observed and measured under oil emersion (Tucker, 1931).

Data Analysis. All experiments were repeated at least twice. Data were tested for
normality and homogeneity of variance before analysis of variance with Statistical
Analysis System (SAS). The SAS programs are attached in Appendix E.

Results and discussion
Colony growth patterns. Colony morphology ofP. capsici on V8 medium was highly
variable among different isolates. Some isolates grew as dense mycelial colonies with a
sparse or cotton-like appearance. Others grew as moderately dense colonies in a stellate
or rosette pattern. Some isolates possessed circular margins while other had irregular
margins. (Fig. 2.1)

Sporangial morphology and pedicel length. The results are shown in Table 2.1, Table
2.2, Table 2.3 and Figure 2.4. Most isolates produced papillate sporangia that were
ellipsoid to ovoid in shape. Three isolates (P24 from Massachusetts, 2k-1 and 2k-4 from
New York) did not produce sporangia. The sporangial shape varied greatly between
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isolates and even within a single isolate (Figure 2.2). In general, sporangial morphology
between individual isolates were quite variable.
The mean lengths of sporangia of Massachusetts (MA) isolates (n=25/isolate)
ranged from 33.9 pm and 66.5 pm (mean: 50.3 pm), and mean breadths from 24.0 pm to
39.3 pm (mean: 31.0 pm); while New York (NY) isolates ranged from 41.8 pm to 73.2
pm (mean: 56.7 pm) and 27 pm to 38.3 pm (mean: 29.1 pm), respectively. Canadian
(CAN) isolates had mean lengths of sporangia of 39.2 pm to 94.6 pm (mean: 59.9 pm)
and mean breadth from 4.3 pm to 46.2 pm (mean: 38.0 pm). There were statistically
significant differences among these three locations in all of these characters (p<0.001).
These results demonstrated variation among the isolates from different locations;
however, the cause of this variation is not clear. Further study is needed to determine
whether it is caused by genetic or other factors.
The length-breadth ratio of sporangia is shown in Table 2.4. The mean L/B ratio
was in the range of expected for P. capsici: 1.3 to 2.1 (Erwin and Ribeiro, 1996). Because
of high variation, there were no statistically significant differences (p>0.01) among the
isolates from the three locations. It has been suggested that length-breadth ratio is a more
consistent character to identify P. capsici than direct measurement (Erwin and Ribeiro,
1996).

Oogonial and oospore morphologies. P. capsici is heterothallic. Both mating types A1
and A2 were present in MA and NY isolates, although only mating type A2 was observed
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Table 2.1 Means of dimensions of reproductive organs (pm) of P. capsici isolates from
Massachusetts (n=25)
Isolates
PI
P3
P5
P6
P7
P8
P9
P10
Pll
P12
P13
P15
P16
P17
P19
P20
P24
P25
P28
P29
P30
P32
P33
P34
P35
P36
P38
P40
P41
P42
Mean

Sporangia
Length
48.2±32.2

Sporangia
breadth
33.9+5.0

Sporangia
pedicel
48.3±6.5

Oogonium
diameter
39.4±2.6

Oospore
diameter
29.914.7

Antheridium
length
breadth
13.912.4
11.611.9

38.9±25.4

27.1±6.1

38.0±7.6

32.9±2.3

26.614.5

13.811.6

11.011.8

62.5±27.7

37.6±6.6

52.1±9.1

39.6±2.5

26.913.0

15.212.1

12.912.6

42.1±24.1

29.7±6.2

43.0±7.7

35.5±2.4

29.1+2.5

16.211.1

11.611.9

51.5±27.8

39.3±5.9

54.2±7.2

38.3±2.8

30.112.9

17.211.5

12.1+2.5

58.7±30.2

29.5±2.9

48.6±7.4

35.6±2.9

26.213.3

14.612.0

9.912.3

54.5±30.3

29.5±3.5

48.4±8.7

35.0+3.4

25.613.2

14.0+1.5

9.811.9

40.9±29.1

33.1±5.3

56.7±12.5

37.4±3.0

30.0+3.6

15.611.8

10.112.1

43.1±26.8

34.5±8.8

54.4±14.5

36.6+2.3

29.2+2.0

16.511.9

11.5+2.2

48.3±29.2

30.7±4.7

42.4±5.5

36.2±2.2

30.012.4

15.612.3

10.4+2.5

42.1±27.6

28.4±5.1

39.6±6.8

36.2+4.6

28.014.4

14.912.3

11.412.1

49.6±26.4

35.2±4.1

53.3±8.0

37.5+3.8

28.913.7

14.711.6

11.411.7

45.3±25.3

34.1±3.7

55.2+8.6

33.0±3.3

26.6+2.7

13.911.8

10.6+1.9

42.1±24.5

30.3±4.3

47.6±4.6

32.4±2.0

27.912.0

14.611.2

12.111.3

33.9±14.5

34.4±3.2

50.7±9.0

34.9±3.3

27.412.4

15.211.6

10.811.9

53.3±26.3

35.5±3.6

56.2±5.4

33.8±2.9

28.312.8

14.111.4

10.212.0

37.2±3.1

25.9+3.3

14.711.6

11.011.6

60.2±27.6

32.8±5.3

52.8±8.8

36.9±2.5

29.412.6

16.3+1.8

10.812.7

38.4±25.5

28.8±5.6

42.4±8.2

37.3±2.5

30.112.7

15.811.5

9.812.2

51.0±26.8

29.6±5.6

44.2±9.4

36.5±2.6

30.6+1.9

16.612.4

10.2+2.3

63.2±33.5

34.0±4.4

55.2±7.3

36.6±2.1

28.912.4

16.711.4

10.911.9

52.6±30.1

26.0±6.6

37.6±9.2

37.1+2.7

30.812.8

16.211.5

10.711.9

48.0±29.7

24.1±4.6

36.3±7.1

37.9±3.2

30.613.3

17.311.8

11.112.2

55.9±31.5

32.4±5.8

46.1±8.4

36.2±2.6

29.7+2.5

16.111.8

10.511.9

38.4±26.0

28.5±5.9

41.8±9.0

36.0±2.0

29.612.0

16.2+1.3

10.311.4

57.8±31.1

31.5±5.1

41.3±9.3

35.912.0

30.211.9

16.311.5

11.5+1.2

60.1±36.1

30.7±6.8

49.9±9.6

32.512.7

26.7+2.6

15.0+2.3

10.112.0

49.5±31.2

30.1±9.1

45.3±7.6

37.2+3.4

27.613.2

15.512.1

10.912.2

59.1±33.7

22.3±2.9

35.5±5.1

66.5±33.4

24.0±3.7

35.9±5.9

36.1+3.0

30.4+2.0

15.911.5

10.9+1.6

50.3±29.4

31.0±6.6

46.6±10.5

36.113.4

28.713.3

15.512.0

10.912.1
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Table 2.2 Means of dimensions of reproductive organs (pm) of P. capsici isolates from
Long Island, New York (n=25)
Isolates

2k-1
2k-3
2k-4
3k-1
3k-4
3k-5
5-1
5-la
5-2
5-2a
5-3
5-3a
5-4
5-6a
7-1
7-la
7-3a
7-5a
J-3b
Mean

Sporangia
length

Sporangia
breadth

Sporangial
pedicel

Oogonium
diameter
38.213.2

Oospore
diameter
32.313.2

Antheridium
length
breadth
10.612.0
15.211.1

41.8±25.4

38.312.5

61.816.6

32.813.3
30.911.4

27.512.3

15.711.6

11.611.5

27.011.3

13.711.3

10.811.9

43.6±27.9

32.914.4

51.717.0

38.413.4

31.612.6

15.211.3

11.511.6

48.0±26.1

36.814.4

57.017.4

33.411.9

28.311.3

15.411.3

10.211.9

66.5±29.6

27.813.4

36.812.5

30.411.9

15.011.4

10.911.6

48.2130.1

22.714.1

49.515.3
36.917.4

55.0130.7

27.714.6

38.1110.9

29.612.1

26.111.8

14.811.1

12.212.8

65.1124.1

23.514.0

37.014.8

35.812.6

29.012.0

15.211.3

9.911.7

63.8130.6

28.915.0

42.616.9

33.412.5

28.712.2

14.411.1

9.211.3

73.2128.7

24.915.4

45.017.5

38.613.0

30.412.6

14.511.5

11.312.0

60.4136.3

23.614.0

32.217.3

28.911.7

15.411.3

11.412.4

61.0131.3

36.714.3

55.416.5

35.212.2
34.213.4

29.412.6

14.311.9

10.311.5

50.7124.7

30.216.7

38.718.4

72.7128.9

25.312.4

36.614.3

31.012.1

26.311.6

50.8120.1

28.314.8

41.719.1

32.912.0

27.411.6

13.911.0
14.811.4

11.212.0

56.5131.9

22.414.2

32.417.7

34.413.1

29.012.4

14.611.4

10.011.5

45.4130.3

30.415.7

43.419.7

33.812.6

28.411.8

15.311.7

10.011.8

64.4131.1

35.515.3

43.915.2

31.911.9

26.411.3

14.410.9

11.511.4

56.7130.4

29.116.8

43.6111.0

34.113.6

28.612.6

14.811.4

10.812.0

Table 2.3 Means of dimensions of reproductive organs (pm) of P. capsici isolates from
Quebec, Canada (n=25)
Isolates
1496
1651
1657
1699-1
1699-2
1713E1
1713E2
1713F
1714B1
1714B2
Mean

Sporangia
length
47.1134.0

Sporangia
breadth
37.413.7

Sporangial
pedicel
63.116.6

Oogonium
diameter

Oospore
diameter

Antheridium
length
breadth

94.6118.0

37.413.5

55.0110.1

41.212.6

34.512.4

15.513.3

12.711.4

71.1136.0

41.114.1

63.716.2

34.514.4

29.114.0

14.213.1

13.112.9

42.8131.3

39.913.8

66.017.9

35.114.7

30.014.2

14.212.3

66.4142.9

35.215.1

53.318.8

37.013.3

30.912.5

14.712.0

11.312.2
12.612.7

65.9137.9

41.213.1

60.115.9

36.414.2

30.113.8

15.512.0

13.611.7

60.416.0

41.313.2

53.5142.3

36.514.3

30.113.8

15.512.0

13.611.7

39.214.5

24.3110.8

57.417.2

33.712.4

29.812.1

16.912.5

15.011.9

46.616.3

35.8124.2

67.017.8

35.713.6

15.512.3

12.612.0

65.217.5

46.215.2

51.6135.1

35.113.7

29.113.3
28.413.4

15.413.0

52.2135.6

40.316.2

61.818.9

35.814.2

30.113.6

15.212.5

11.312.0
12.812.4
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Table 2.4 Length-breadth ratio (L/B) of sporangium
Isolates

Range of L/B

Mean of L/B

S.D

MA isolates

0.99-2.77

1.65

0.40

NY isolates

1.09-2.87

2.01

0.55

Canadian isolates

1.07-2.53

1.59

0.41

in CAN isolates. There were four isolates (P41 from Massachusetts, 5-1 and 5-6a from
New York, 1496 from Canada) which did not produce oogonia and oospores, although
they did induce oospores of standard isolates (P158 as A1 and P53 as A2) in pairings
(Table 2.1, Table 2.2 and Table 2.3). Thus, the mating types of these non-oogonial
isolates were identified. This phenomenon was also observed by others (Mchau and
Coffey, 1995).
The mean oogonial and oospore diameters varied among isolates from different
locations and even among isolates from one location, but within a relatively small range.
Antheridial length and breadth (Table 2.1, Table 2.2 and Table 2.3, Figure 2.4), exhibited
less variation.
Host effect on morphological characters. MA isolates of P. capsici were collected from

two hosts: pepper and squash. Both A1 and A2 mating types were recovered. According
to Ristaino (1990), intraspecific variation in morphological characteristics among P.
capsici isolates from pepper and cucurbit was considerable. Sporangial lengths of isolates

from cucurbist were longer but less variable than those from pepper (Ristaino, 1990). The
results (Figure 2.5) show mean sporangial length was longer for cucurbit isolates than
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pepper isolates. Variation was high and no significant differences were found between the
two hosts (p>0.01). In addition, antheridial breath and oogonia diameter did not show
significant differences between isolates from both hosts (p>0.01). In contrast, breadth of
sporangium and antheridium, length of pedicel, and diameter of oospore were
significantly different between pepper and squash (p<0.01). The pedicel length has been
reported to be a stable morphological character (Al-Hedaithy and Tsao, 1979a, AlHedaithy and Tsao, 1979b); in this study, it was highly variable.
All of the above morphological characters were compared between isolates from
two sites in Massachusetts: Whately and Chicopee (Figure 2.7). Interestingly, only
diameter of oospore and length of antheridium were significantly different. These results
indicate that isolates from these two sites have close phenotypes. On the other hand, the
results imply that geographic isolation plays a role in the lack of variation because of the
limited dispersal ability of P.capsici.
Key morphological structures can be difficult to produce with certain isolates, and
these characters can be highly variable depending on growth conditions and growth
stages (Brasier, 1969; Alzadeh and Tsao, 1985). When immature structures are observed,
the sizes tend to be smaller; expressing data as a ratio (length/breadth ratio) can avoid this
problem. Although P. capsici does not proliferate directly from sporangia (Erwin and
Ribeiro, 1996), when sporangia are mature, the shape can change in some occasions
(Figure 2.2 A and B).
Sexual structures such as oogonia, oospores and antheridia are stable, more
reliable, and less dependent on environmental factors than asexual organs. Caution should
be taken when morphological characters are used to evaluate variation. Since genetic
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variation can occur without morphological change, and morphological change can occur
without genetic variation, more reliable and direct characteristics should be investigated
to evaluate genetic variation.
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Figure 2.1 Variability of colony morphology of P. capsici isolates on V-8 agar showing
rosaceous, stellate, and cottony patterns.
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Figure 2.2 Variation in sporangial morphology of P. capsici isolates. Note the different
sizes and shapes of sporangia and the length of the sporangial pedicel. Scale bars = the
length in pm.
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Figure 2.3 Morphology of oogonia, antheridia and oospores of P. capsici. Note different
sizes of oogonia, oospores, and shapes and length/breadth ratio of antheridia. The
numbers above scale bars represent the length in pm.
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CHAPTER 3
METALAXYL-RESISTANT ANALYSIS
OF PHYTOPHTHORA CAPSICI

Abstract
Metalaxyl is a systemic fungicide used to control P. capsici. Since the
introduction of the fungicide, numerous incidents of metalaxyl resistance have been
reported. In the present study, resistance of P. capsici to metalaxyl was determined at two
concentrations: 0.1 pg/g and 0.5 pg/g. There were significant differences (p<0.001) in the
growth of P. capsici with the two concentrations. There were no significant differences in
resistance among the collections from MA, NY and Canada, although there were more
metalaxyl resistant isolates in the MA collection than the New York and Canadian
collections. Resistant and sensitive isolates of P. capsici were crossed to address the role
of sexual reproduction in the rise of fungicide resistance. The progenies of some of the
crosses were different from their parental isolates. This is evidence that recombination
occrred during sexual reproduction.

Introduction
The application of fungicides is one of the most important ways to control plant
diseases. Fungicides are chemical compounds that either kill, or inhibit or suppress fungal
growth (Erwin, 1996). Most of the modem fungicides suppress spomlation and growth
but do not eradicate the fungus; for example, the phenylamide fungicide metalaxyl.
(Figure 3.1) The development of metalaxyl was a major breakthrough in chemical control
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of oomycetes, especially Pythium and Phytophthora (Urech, et al., 1977). Metalaxyl is
unique in that it can be systemically translocated upward and downward in plants (Zaki,
1981). It can suppress the growth of P. capsici after host infection. Previous studies
(Davidse, 1987) demonstrated that the inhibition of rRNA synthesis causes inhibition of
fungal growth due to reduced protein synthesis. Metalaxyl apparently does not affect the
germination of sporangia because there is sufficient rRNA stored in spores for formation
of germ tubes. After the germ tube penetrates the surface of the plant, metalaxyl is
absorbed by the growing mycelium resulting in malformation and cessation of growth.

ch

3

Figure 3.1 Chemical structure of Metalaxyl

The first incidence of metalaxyl resistance was reported in Phytophthora infestans
by Davidse in 1981 in the Netherlands. Since then, numerous incidences of resistant to
metalaxyl by Phytophthora species have been documented (Erwin and Ribeiro, 1996).
Metalaxyl resistant strains of P. capsici have been reported in England (Lucas, 1990).
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The objective of this study was to investigate metalaxyl resistance in the three
collection sites, and to investigate crosses between metalaxyl resistant isolates and
sensitive isolates.

Materials and Methods
Fungal material. A total of seventy-three isolates of P. capsici were used in this study.
Thirty were from Massachusetts(MA), twenty from New York (NY), ten from Canada
(CAN), and thirteen from crosses of resistant and susceptible isolates (Appendix A).
Isolates were maintained and subcultured on V8® agar (Appendix D, Dingra and Sinclair,
1985) at 25 °C.
Fungicide. The fungicide metalaxyl (N-[2,6-dimethylphenyl]-N-[methoxyacetyl]-alanine
methyl ester, (25% active ingredient) from CIBA-GEIGY (Subdue®) was dissolved in
sterile distilled, deionized water and added to media following autoclaving.
Growth of P. capsici in CM A with metalaxyl. Metalaxyl was incorporated into Difco®
com meal agar (CMA) at 0.1 pg/ml and 0.5 pg/ml concentrations in petri dishes. Plates
were inoculated in the center with a single 5-mm diameter disk from 4-day-old cultures.
Each treatment was replicated three times. The plates were incubated in the dark at 25 °C
for 4 days. After the first day, the diameters of the colonies were measured daily.
Mating experiments and single oospore isolates from progeny colony. Crossings
between metalaxyl resistant and susceptible A1 and A2 isolates were conducted.
Crossings were carried out by placing two agar plugs from different mating types 2 cm
apart on V8 agar. Culture were incubated in the dark at 25 °C for up to 2 weeks. With the
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aid of a microscope, a small chunk of agar containing oospores was cut from the middle
zone between the two original plugs. The plug was frozen at -20 °C for at least 4 hours to
kill asexual structures (Erwin and Ribeiro, 1996), and washed with distilled water.
Oospores were recovered with a pipette from the wash water and transferred to PVP-H
(Appendix D). Colonies from single oospores developed in approximately three to six
weeks.
Data analysis. All experiments were repeated at least twice. Data were analyzed with
Statistical Analysis System (SAS, Appendix E).

Results and Discussion
Fungicide resistance is a stable physiological character that is a major concern for
agriculture. Previous studies showed that at 0.1 pg/ml concentration of metalaxyl, 1154% inhibition of growth occurred (Erwin and Ribeiro, 1996). In another experiment,
Mchau and Coffey (1995) found 100% to 25-42% inhibition of growth among 113
isolates; some were insensitive at 0.5 pg/ml in CM A media.
In this study, two concentrations of metalaxyl were used: 0.1 pg/ml and 0.5
pg/ml. Colony diameter was measured 24 hours after inoculation and at lday intervals.
Growth rates were compared to the control which consisted of CMA without metalaxyl.
When the growth rate of an isolate was more than eighty percent of that of control, the
isolate was considered resistant, otherwise, it was considered sensitive. Resistant isolates
were found, some possessing more than 90% growth rate at 0.5 pg/ml metalaxyl (Table
3.1). P7, P9, P10, P34 and P40 were considered to be resistant to metalaxyl.
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Table 3.1 Growth rates (% of control) of P. capsici in CMA medium with metalaxyl

•

Canadian
Isolates
14%
1051
1057
1099-1
1099-2

0.1 pg/ml
Metalaxyl
78.5013.79
70.0(1 • 1.28
78.3 71 1.49
79.9415.81
79.70* 3.42

0.5 pg/ml
Metalaxyl
49.73 i 19.90
44.47* 10.27
44.85. 12.57
49.08. 14.50
49.50. 10.70

Canadian
Isolates
1713-El
1713-E2
1713- F
1714- B1
I7I4-B2

0.1 pg/ml
Metalaxyl
77.32i4.30
70.34 i 0.92
83.74 ♦ 1.55
79.33.4.34
72.91.0,14

0.5 pg/ml
Metalaxyl
48.05 ±9.85
31.19. 14.00
5I.74±4.78
53.00.4.58
59.80± 7.74

NY Isolates

0.5 pg/ml
Metalaxyl
71.58131.01
61.35± 10.39
05.30* 18.08
57.50*8.38
47.90.8.02
04.50± 15.40
37.04 ±21.51
57.31 ±5.10
57.40 ±9.24
57.97 ±22.68

NY Isolates

2K-I
2K-.3
2K-4
3K-I
3K-4
3K-5
5-1
5-la
5-2
5-2a

o 1 pg/ml
Metalaxyl
81.02.24.80
84,01.21.33
95.02. 11.39
89.83.5.07
73.05 i 10.30
93.04.10.08
77.78.21.30
84.23.4.02
84.07 ±7.29
95.06.12.01

5-3
5-3a
5-4
5-4 a
5-6a
7-1
7-la
7-3a
7-5a
J-3b

0.1 pg/ml
Metalaxyl
75.3U1.44
87.42± 10.02
92.42± 10.25
0I.64± 11.35
87.40*0.73
81.34*18.87
8l.8U25.il
74.3 U 2.10
93.88*4.19
68.19*37.73

0.5 pg/ml
Metalaxyl
54.02* 1.92
57.88* 11.12
51.52* 10.02
42.79* 10.03
66.98* 1.15
54.44*5.04
32.41* 12.10
51.90 ±4.67
05.00±4.52
0

Crossing
Isolates
2K-IX3K-4
P10XPI2
P12X2K-I
PI2XP5
P20XI057
P20X2K-I
PI2XP40

0.1 pg/ml
Metalaxyl
82.04 ±9.03
56.09 ±9.49
I07.07±4.68
85.20*0.25
92.32± 5.21
70.01± 6.00
87.29*4.38

0.5 pg/ml
Metalaxyl
32.17± 12.08
25.56±0.62
36.40±34.15
48.98± 10.32
40.80 ±5.85
38.29± 15.04
7.3.89*2.63

Crossing
Isolates
P20XP5CD
P20XP5C?)
P20XP8
P30XP40
P20XI7I4
PI0XP12

0.1 pg/ml
Metalaxyl
80.74*9.20
82.22±2.60
100.58 ±4.03
83.40±8.05
53.50 ±6.55
80.37*3.25

0.5 pg/ml
Metalaxyl
60.18* 10.87
49.77 ±9.94
89.74±3.72
57.37± 12.43
27.10± 13.92
40.00±2.10

MA Isolates
PI

o.l

pg/ml
78.80±9.26

0.5 pg/ml
37.7518.83

Isolates
P20

0.1 pg/inl
70.00111.84

0.5 pg/ml
00.04122.42

P3
P5
PO
P7
P8
P9
Pit)
Pll
PI2
P13
PI 5
PI0
P17
PI9

80.54±13.59
74.9017.91
07.3114.95
90.1517.74
91.4715.75
91.8013.31
89.8417.02
81.8218.02
70.27112.29
92.73110.88
83.1015.20
08.2513.01
78.4015.01
85.0918.44

45.50±30.25
45.43130.23
30.4115.22
97.0717.84
82.0219.22
91.03110.40
94.55117.70
54.22114.10
00.01122.37
89.2117.43
57.2915.38
41.60121.20
44.3218.17
30.05110.02

P24
P25
P28
P29
P30
P32
P33
P34
P35
P30
P38
P40
P41
P42

77.00114.83
09.0515.00
04.2116.55
76.4015.30
74.9415.50
78.7517.42
84.5013.03
95.1013.43
79.1311.52
77.0312.73
74.8017.02
99.0311.21
07.5717.98
72.1013.72

35.42112.58
40.3318.40
30.0517.11
49.4913.37
48.45110.07
39.2019.08
40.99110.71
93.7514.28
41.7115.88
43.5317.05
39.32113.30
95.93 ±1.46
40.5014.88
42.8512.05
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Metalaxyl suppresses synthesis of rRNA in P. capsici. The inhibition of rRNA
synthesis ultimately leads to inhibition and malformation of mycelial growth. Figure 3.1
and Figure 3.2 compare the growth of the most resistant isolate (P9 from MA isolates)
with the most sensitive isolate (J-3b from NY isolates). The morphology of the mycelium
was obviously affected by metalaxyl. The resistant isolate grew normally at 0.5 pg/ml,
and the shape and diameter of the mycelium were similar to the control. The sensitive
isolate failed to grow at 0.5 pg/ml metalaxyl and microscopic examination revealed
swollen mycelia around the original inoculated agar plug (Figure 3.2). These phenomena
were observed with isolates from all locations.
Statistical analysis showed significant differences between growth at 0.1 jig/ml
and 0.5 pg/ml of metalaxyl among all locations (p<0.01). As expected, higher
concentrations of metalaxyl always had a more suppressive effect on fungal growth
(Figure 3.3).
Table 3.2 Growth rate of P. capsici isolates in CMA with metalaxyl (% of control).
Isolates

Concentration

Range of

Mean of growth

growth rate (%)

rate (%)

0.1

64.2-99.6

80.3

11.1

0.5

35.4-93.8

56.3

22.4

0.1

61.6-95.7

83.4

15.2

0.5

0-71.6

53.6

18.0

0.1

72.9-83.7

77.5

5.1

0.5

31.2-59.8

48.9

12.2

Crossing

0.1

53.6-107.1

81.7

16.3

progeny

0.5

25.6-89.7

48.6

21.6

(pg/ml)
MA

NY

CAN
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S.D.

The results in Table 3.1 and I able 3.2 indicate that the MA collection had more
resistant isolates and more variability (S.D 22.4 at 0.5 pg/ml metalaxyl); six isolates (P7,
P8, P9, PI 0, PI 3 and P40) grew at 80 % of the normal growth rate at 0.5 pg/ml
mctalaxyl. The NY collection was less variable than MA (S.Dr- 18.0) and the Canadian
collection varied least.
Although the mechanisms of metalaxyl inhibition of rRNA synthesis are not
known, it is certain that there are genetic changes in the resistant fungi, cither in the
rDNA regions or the DNA encoding the transcription factor(s). 1 o investigate the
mechanism which cause genetic variation, crosses were performed between resistant
isolates (P8, P10 and P40) and sensitive isolates O 657, 3k-4, and P30). Some of the most
resistant and sensitive isolates could not be crossed because they were of the same mating
type (such as J-3b and P40, all are A2), and some crosses of opposite mating types failed
to produce oospores. Single oospore colonies were obtained from successful crosses and
these isolates were exposed to metalaxyl. To confirm that the single oospore isolates
resulted from sexual reproduction, and were not from the parental isolates, progeny of
P12xP40 were compared with parental isolates PI2 and P40 (7able 3.3). P12/P40 had the
same mating type as P40, Growth rate (%) of P12xP40 fell between that of P12 and P40
and was significantly different from P40.
7 he mechanisms of oospore induction in Phytophthora remain uncertain. Ko
(1978, 1980 and 1988) proposed that hormones play an important role in inducing the
formation of oospores in Phytophthora Uchida and Aragaki (1980; also suggested that
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Table 3.3 Difference among P12xP40, PI2 and P40
Isolates

Mating type

Growth rates (% of control)
0.1 p.g/ml

0.5 fig/ml

P12

A1

70.3±12.3

60.0±22.4

P40

A2

99.6±1.2

95.9±1.5

P12 x P40

A2

87.3±4.4

73.9±2.6

chemicals stimulate the formation of oospores in P. capsici. These hormonal chemicals
have been identified as sterols and /or lecithin (Ko, 1985). More recent results showed
that paired A1 and A2 cultures of P. capsici did not form viable oospores in media to
which lecithin or cholesterol had been added; however, oospores were formed abundantly
in unclarified V8 medium (Ansani and Matsuoka, 1987).
The results of the crossing experiment, especially P12xP40 (Table 3.3), revealed
that genetic variation was enhanced in the progeny of crosses by sexual reproduction, and
DNA recombination occurred during the formation of oospores. External stimuli can also
induce oospore formation. Clearly, sexual reproduction and DNA recombination are one
of the sources of genetic variation in P. capsici. Further studies should be pursued to gain
more direct evidences of genetic variation in offspring of sexual crosses.
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Figure 3.2 Growth of metalaxyl-resistant isolate (P9) of P. capsici. The upper panel
shows normal growth in CMA. The lower panel shows the growth in CMA containing
0.5 pg/ml of metalaxyl.
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k-

Figure 3.3 Growth of metalaxyl-sensitive isolate (J-3b) of P. capsici. The upper panel
shows normal growth in CMA. The lower panel shows the malformation of fungal
mycelium in CMA containing 0.5 pg/ml of metalaxyl.
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Interaction between concentrations and locations

Locations
0.1 |ig/ml Mctalaxy
0.5 |ig/ml Metalaxyl

Figure 3.4 Growth rates of P. capsici at 0.1 pg/ml and 0.5 pg/ml of metalaxyl. CA:
isolates from Quebec, Canada (n=10); CR: progeny of crosses (n=13); MA: isolates from
Massachusetts (n=30); and NY: isolates from Long Island, New York (n=20).
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Abstract
Isozyme analysis was used to investigate all isolates of I’hytophthora capsid,
measure levels of genetic variation, and analyze the role of DNA recombination in
genetic variation. Six isozymes including glucose 6-phosphate dehydrogenase (( /6POH),
glucose 6 phosphate iv/m erase (GPI), isocitratc dehydrogenase ((JJ)H), lactate
dehydrogenase (i.\>\\), rnalate dehydrogenase ('Al)H) and malate dehydrogenase <AI.lL
(ML) were examined, but only fjhPDH,f/LI, MDH and Ml: gave consistent handing
#v;"er:.s All ivdates of /' ' ap-.i' / gs /e the same handing patterns for these four enzymes
7 be results suggested that there is no genetic variation at the loci of these four isozymes,
and therefore no segregation was observed in the progeny of crosses All isolates
investigated were homozygous for these four enzymes. Isozyme analysis is more suitable
to investigate the genetic variation bet ween species, rather than within species.

In trod action
Ivxzyme* have been recognized as a more convenient and reliable genetic marker
than morphological characters. Isozymes are stable, generally under simple genetic
control, exhibit Mend chan inheritance, selective neutrality, and codominance, which is
r-ar.‘ m a diploid orgamsm ..ke f'hytophthora (Lrasier, J991 and O jderriaris arid
Coffey, //o p; Codominant expression and complete penetrance allow for the
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calculation of allele frequency, and identification of heterozygous and homozygous
individuals.
Traditionally, isozyme studies were carried out with starch gel electrophoresis
(SGE) and polyacrylamide gel electrophoresis (PAGE). Recently, a new support medium,
cellulose acetate electrophoresis (CAE) has been used (Goodwin, 1995). CAE has many
advantages over SGE and PAGE. CAE uses precast plates that eliminate the time and
labor to pour gels. Cellulose acetate plates are very thin, run rapidly (15-20 min), and
require no cooling during electrophoresis. Another advantage is that very small samples
can be analyzed.
Isozymes have been used successfully to investigate the interspecific genetic
variation and to classify species of Phytophthora (Ouedmans and Coffey, 1991a, 1991b).
Ouedmans and Coffey compared isozymes of P. capsici worldwide and concluded that
P. capsici is a genetically complex species containing three subgroups: CAP1, CAP2 and

CAP3. CAP1 contains a majority of the isolates from annual solanaceous and cucurbit
hosts as well as some from black pepper and cocoa. CAP2 consists of isolates from
tropical crops. CAP3, which has the least genetic diversity, includes cocoa isolates from
Brazil. Mchau and Coffey (1995) proposed that P. capsici could be divided into two
subpopulation CAPA and CAPB according to morphological characteristics and isozyme
analysis.
The primary objectives of this investigation was to evaluate the genetic variation
at the isozyme level, between and among the collections from MA, NY and Canada, and
<

compare the results with morphological studies.
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Materials and Methods
Fungal material. A total of seventy-three isolates of P. capsici were used in this study.
Thirty were from Massachusetts(MA), twenty from New York (NY), ten from Canada
(CAN), and thirteen from crosses (Appendix A). Isolates were maintained and subcultured
on V8 agar (Appendix D, Dingra and Sinclair, 1985) at 25 °C.
Isozyme extraction and sample preparation. 0.25-0.50 g of mycelium was collected
from 1 week-old cultures grown in V8 agar in darkness, and transferred to a 1.5 ml
microcentrifuge tube in an ice bath. The mycelium was ground in 200 pi of extraction
buffer (0.1 M Tris-HCl, pH 8.0, 5% PVP-40 (M/V), 0.25 mg dithiothreitol/ml,) with a
plastic pestle (Oudemans and Coffey, 1991). The crude enzyme extracts were pelleted by
centrifugation at 13,000 x g for 1 min. The supernatant containing the extracted isozymes
was analyzed immediately or stored at -70°C in microcentrifuge tubes.
Cellulose-acetate Electrophoresis. Enzymes were separated by electrophoresis in
horizontal cellulose-acetate gel plates (Henena Laboratories). Before electrophoresis,
cellulose-acetate gel plates were soaked in electrode buffer (0.025 M Tris, 0.192 M glycine,
pH 8.5) for at least 20 min. Electrophoresis was carried out as instructed in the Helena
Laboratory protocol with some modifications by Goodwin et al (1995).
Enzyme staining. Enzyme staining solutions were prepared prior to the completion of an
electrophoresis using the protocols outlined in appendix B. The stain, catalyst, co-factor and
linking enzymes were added just prior to staining. At the completion of electrophoresis, gels
were stained using agar overlays. After scoring, gels were dried at 60°C. (Goodwin, et al.,
1995).
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Numerical analysis. Isozyme banding patterns were recorded by photography, and scored
according to their relative mobility. Each band was interpreted as an allele of a specific
locus. For comparisons between gels, internal standards were used (Isolate 1496). The
genetic interpretation of the banding patterns was consistent with a diploid organism, since
genetic analysis of isozyme inheritance in Phytophthora had previously been shown to be
similar to other diploid organisms (Oudemans and Coffey, 1991b).

Results and Discussion
A total of six enzymes: glucose 6-phosphate dehydrogenase (G6PDH), glucose 6phosphate isomerase (GPI), isocitrate dehydrogenase ((IDH), lactate dehydrogenase
(LDH), malate dehydrogenase (MDH) and malate dehydrogenase NADP (ME), were
examined, four of them: G6PDH, GPI, MDH and ME gave consistent banding patterns.
These four enzymes correspond to 6 putative loci in the genome of P. capsici (Table 1.1).
ME displayed a unique banding pattern in all isolates with a two-banded
phenotype. The progeny of crosses also had a two-banded phenotype (Figure 4.1). This
indicated that the parental isolates were homozygous and the two bands corresponded to
two putative loci. Previous studies suggested one locus of ME occurred in Phytophthora
species (Oudemans and Coffey, 1991a and 1991b). In lane 19 of Figure 4.1, the migration
of bands was slower than the others, and the dye moved slower when the sample was
running on the cellulose acetate plates. Since this phenomenon ocurred in MDH (Figure
4.3, lane 19) and GPI (Figure 4.4, lane 19), a reasonable explanation is that
polysaccharides and/or phenolic material in the extracted sample from isolate 7-5a
interfered with the migration of the bands. In the last panel of Fig 4.1, there was a faint
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band <md:cated by arrow) that did not consistently appear that may have been an artifact
of sample preparation, storage or electrophoresis. Proper storage and handling can help
minimize the formation of artificial secondary isozyme effects (Hoelzel and Dover,
1991).
G6DH exhibited the same banding pattern in all isolates (Figure 4.2), a single
band which is the product of the G6PDH locus. As listed in Table 1.1, only one locus of
G6DH exists m the genome of Phylophthorci species. In the progeny of crosses, one
unique band appeared, which confirmed that all isolates were homozygous and closely
related.
A unique banding pattern was observed for MDH (Figure 4.3). One major band
moved more slowly located close to the cathodal electrode (up). Two bands which moved
together ocurred at the anodal electrode end (bottom). According to Oudeman and Coffey
(1991), these bands reflect two loci in the genome. In the progeny of crosses, the same
partem was observed These results suggest a lack of genetic variation in MDH In some
cases, one of the two-lower bands was faint, unstable or hard to resolve.
A unique banding pattern was also observed in GPI in all isolates including the
progeny of crosses (Figure 4.4). The band indicates one locus in the genome of P
capFAci. The data indicate that all isolates were homozygous for GPI.

Previous studies (Goodwin, 1995a) with isozymes of P infe?itcin.<> revealed that
populations of P. infestans in the United States and Canada are highly clonal, and are
dominated by only four different clonal genotypes (Goodwin, 1995b) P.ach of the
genotypes can be distinguished on the basis of GPI alone since the four clonal genotypes
have different GPI banding patterns. Moreover, different genotypes of P infe^tan*. have
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different metalaxyl sensitivities. This property of P. infestans is currently used to test
metalaxyl resistance and to assist in making recommendations for fungicides. P. capsici
does not share there properties with P. infestans. According to the metalaxy 1-resistance
analysis (Chapter 3) and isozyme analysis of isolates, there was no corelation between
GPI banding patterns and metalaxyl resistance. Although P. capsici isolatesfrom the three
locations are closely related, isozyme studies employed here cannot be used to distinguish
metalaxyl-sensitive and metalaxyl-resistant isolates.
Although genetic variation was observ ed in a worldwide collection of P. capsici
(Oudemans and Coffey, 1991; Mchau and Coffey, 1995), isozyme analysis failed to
reveal genetic variation in isolates of P. capsici collections from Massachusetts, New
York and Canada, as well as the progeny of crosses. All isolates of P. capsici investigated
in this study were closely related and homozygous in ME, MDH, G6PDH and GPI
genotype.
Isozyme analysis can be a useful means of estimating the amount of genetic
diversity within a species, but more powerful methodology is needed to discern the fine
points in genetic variation.
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Figure 4.1 Cellulose acetate gel plates stained for malate dehydrogenase NADP (ME).
Lane 1 - 20: NY isolates; Lane 21-30: Canadian isolates; Lane 31-60: MA isolates.
1: 2k-l; 2: 2k-3; 3: 2k-4; 4: 3k-l; 5: 3k-4; 6: 3k-5; 7: 5-1; 8: 5-la; 9: 5-2; 10: 5-2a; 11: 53; 12: 5-3a; 13: 5-4; 14: 5-4a; 15: 5-6a; 16: 7-1; 17: 7-la; 18: 7-3a; 19: 7-5a; 20: J-3b;
21: 1496; 22: 1651; 23: 1657; 24: 1699-1; 25: 1699-2; 26: 1713-El; 27: 1713-E2; 28:
1713-F; 29: 1714-B1; 30: 1714-B2; 31: PI; 32: P3; 33: P5; 34: P6; 35: P7; 36: P8; 37:
P9; 38: P10; 39: PI 1; 40: P12. 41: P13; 42: P15; 43: P16; 44: P34; 45: P35; 46: P36; 47:
P38; 48: P40; 49: P41; 50: P42; 51: P17; 52: P19; 53: P20; 54: P24; 55: P25; 56: P28; 57:
P29; 58: P30; 59: P32; 60: P33. 61: 2k-lx3k-4; 62: P12x2k-1; 63: P12xP5; 64: P12xP10;
65: P12xP16; 66: P20xP5G); 67: P20xP5(D; 68: P20xP8; 69: P20x2k-1; 70: P20xl651;
71: P20xl714-B2; 72: P12xP40; 73: P30xP40. Gel was running from the cathodal (-,
upper) to the anodal (+, lower) in lxTBE.
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Figure 4.1 (continued) Cellulose acetate gel plates stained for malate dehydrogenase
NADP (ME). 1: 2k-1; 2: 2k-3; 3: 2k-4; 4: 3k-l; 5: 3k-4; 6: 3k-5; 7: 5-1; 8: 5-la; 9: 5-2;
10: 5-2a; 11: 5-3; 12: 5-3a; 13: 5-4; 14: 5-4a; 15: 5-6a; 16: 7-1; 17: 7-la; 18: 7-3a; 19: 75a; 20: J-3b; 21: 1496; 22: 1651; 23: 1657; 24: 1699-1; 25: 1699-2; 26: 1713-El; 27:
1713-E2; 28: 1713-F; 29: 1714-B1; 30: 1714-B2;31: PI; 32: P3; 33: P5; 34: P6; 35: P7;
36: P8; 37: P9; 38: P10; 39: PI 1; 40: P12. 41: P13; 42: P15; 43: P16; 44: P34; 45: P35;
46: P36; 47: P38; 48: P40; 49: P41; 50: P42; 51: P17; 52: P19; 53: P20; 54: P24; 55: P25;
56: P28; 57: P29; 58: P30; 59: P32; 60: P33. 61: 2k-lx3k-4; 62: P12x2k-1; 63: P12xP5;
64: P12xP10; 65: P12xP16; 66: P20xP5(D; 67: P20xP5(2); 68: P20xP8; 69: P20x2k-1; 70:
P20xl651; 71: P20xl714-B2; 72: P12xP40; 73: P30xP40. Gel was running from the
cathodal (-, upper) to the anodal (+, lower) in lxTBE.
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Figure 4.2 Cellulose acetate gel plates stained for Glucose 6-phosphate dehydrogenase
(G6PDH). Lane 1 - 20: NY isolates; Lane 21-30: Canadian isolates; Lane 31-60: MA
isolates. 1: 2k-l; 2: 2k-3; 3: 2k-4; 4: 3k-l; 5: 3k-4; 6: 3k-5; 7: 5-1; 8: 5-la; 9: 5-2; 10: 52a; 11: 5-3; 12: 5-3a; 13: 5-4; 14: 5-4a; 15: 5-6a; 16: 7-1; 17: 7-la; 18: 7-3a; 19: 7-5a; 20:
J-3b; 21: 1496; 22: 1651; 23: 1657; 24: 1699-1; 25: 1699-2; 26: 1713-El; 27: 1713-E2;
28: 1713-F; 29: 1714-B1; 30: 1714-B2;31: PI; 32: P3; 33: P5; 34: P6; 35: P7; 36: P8; 37:
P9; 38: P10; 39: PI 1; 40: P12. 41: P13; 42: P15; 43: P16; 44: P34; 45: P35; 46: P36; 47:
P38; 48: P40; 49: P41; 50: P42; 51: P17; 52: P19; 53: P20; 54: P24; 55: P25; 56: P28; 57:
P29; 58: P30; 59: P32; 60: P33. 61: 2k-lx3k-4; 62: P12x2k-1; 63: P12xP5; 64: P12xP10;
65: P12xP16; 66: P20xP5(D; 67: P20xP5(D; 68: P20xP8; 69: P20x2k-1; 70: P20xl651;
71: P20xl714-B2; 72: P12xP40; 73: P30xP40. Gel was running from the cathodal (-,
upper) to the anodal (+, lower) in lxTBE.
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Figure 4.2 (continued) Cellulose acetate gel plates stained for Glucose 6-phosphate
dehydrogenase (G6PDH).
1: 2k-1; 2: 2k-3; 3: 2k-4; 4: 3k-l; 5: 3k-4; 6: 3k-5; 7: 5-1; 8: 5-la; 9: 5-2; 10: 5-2a; 11: 53; 12: 5-3a; 13: 5-4; 14: 5-4a; 15: 5-6a; 16: 7-1; 17: 7-la; 18: 7-3a; 19: 7-5a; 20: J-3b;
21: 1496; 22: 1651; 23: 1657; 24: 1699-1; 25: 1699-2; 26: 1713-El; 27: 1713-E2; 28:
1713-F; 29: 1714-B1; 30: 1714-B2; 31: PI; 32: P3; 33: P5; 34: P6; 35: P7; 36: P8; 37:
P9; 38: P10; 39: PI 1; 40: P12. 41: P13; 42: P15; 43: P16; 44: P34; 45: P35; 46: P36; 47:
P38; 48: P40; 49: P41; 50: P42; 51: P17; 52: P19; 53: P20; 54: P24; 55: P25; 56: P28; 57:
P29; 58: P30; 59: P32; 60: P33. 61: 2k-lx3k-4; 62: P12x2k-1; 63: P12xP5; 64: P12xP10;
65: P12xP16; 66: P20xP5(D; 67: P20xP5@; 68: P20xP8; 69: P20x2k-1; 70: P20xl651;
71: P20xl714-B2; 72: P12xP40; 73: P30xP40. Gel was running from the cathodal (-,
upper) to the anodal (+, lower) in lxTBE.
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Figure 4.3 Cellulose acetate gel plates stained for malate dehydrogenase (MDH). Lane 1
- 20: NY isolates; Lane 21-30: Canadian isolates; Lane 31-60: MA isolates; Lane 61-73:
Progeny of crosses. 1: 2k-l; 2: 2k-3; 3: 2k-4; 4: 3 k-1; 5: 3k-4; 6: 3k-5; 7: 5-1; 8: 5-la; 9:
5-2; 10: 5-2a; 11: 5-3; 12: 5-3a; 13: 5-4; 14: 5-4a; 15: 5-6a; 16: 7-1; 17: 7-la; 18: 7-3a;
19: 7-5a; 20: J-3b; 21: 1496; 22: 1651; 23: 1657; 24: 1699-1; 25: 1699-2; 26: 1713-El;
27: 1713-E2; 28: 1713-F; 29: 1714-B1; 30: 1714-B2;31: PI; 32: P3; 33: P5; 34: P6; 35:
P7; 36: P8; 37: P9; 38: P10; 39: PI 1; 40: P12. 41: P13; 42: P15; 43: P16; 44: P34; 45:
P35; 46: P36; 47: P38; 48: P40; 49: P41; 50: P42; 51: P17; 52: P19; 53: P20; 54: P24; 55:
P25; 56: P28; 57: P29; 58: P30; 59: P32; 60: P33.61: 2k-lx3k-4; 62: P12x2k-1; 63:
P12xP5; 64: P12xP10; 65: P12xP16; 66: P20xP5®; 67: P20xP5(D; 68: P20xP8; 69:
P20x2k-1; 70: P20xl651; 71: P20xl714-B2; 72: P12xP40; 73: P30xP40. Gel was
running from the cathodal (-, upper) to the anodal (+, lower) in lxTBE.
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Figure 4.3 (continued) Cellulose acetate gel plates stained for malate dehydrogenase
(MDH). 1: 2k-1; 2: 2k-3; 3: 2k-4; 4: 3k-l; 5: 3k-4; 6: 3k-5; 7: 5-1; 8: 5-la; 9: 5-2; 10: 52a; 11: 5-3; 12: 5-3a; 13: 5-4; 14: 5-4a; 15: 5-6a; 16: 7-1; 17: 7-la; 18: 7-3a; 19: 7-5a; 20:
J-3b; 21: 1496; 22: 1651; 23: 1657; 24: 1699-1; 25: 1699-2; 26: 1713-El; 27: 1713-E2;
28: 1713-F; 29: 1714-B1; 30: 1714-B2;31: PI; 32: P3; 33: P5; 34: P6; 35: P7; 36: P8; 37:
P9; 38: P10; 39: PI 1; 40: P12.41: P13; 42: P15; 43: P16; 44: P34; 45: P35; 46: P36; 47:
P38; 48: P40; 49: P41; 50: P42; 51: P17; 52: P19; 53: P20; 54: P24; 55: P25; 56: P28; 57:
P29; 58: P30; 59: P32; 60: P33.61: 2k-lx3k-4; 62: P12x2k-1; 63: P12xP5; 64: P12xP10;
65: P12xP16; 66: P20xP5(D; 67: P20xP5(D; 68: P20xP8; 69: P20x2k-1; 70: P20xl651;
71: P20xl714-B2; 72: P12xP40; 73: P30xP40. Gel was running from the cathodal (-,
upper) to the anodal (+, lower) in lxTBE.
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Figure 4.4 Cellulose acetate gel plates stained for Glucose 6-phosphate isomerase (GPI).
Lane 1 - 20: NY isolates; Lane 21-30: Canadian isolates; Lane 31-60: MA isolates; Lane
61-73: Progeny of crosses. 1: 2k-l; 2: 2k-3; 3: 2k-4; 4: 3k-1; 5: 3k-4; 6: 3k-5; 7: 5-1; 8: 5la; 9: 5-2; 10: 5-2a; 11: 5-3; 12: 5-3a; 13: 5-4; 14: 5-4a; 15: 5-6a; 16: 7-1; 17: 7-la; 18:
7-3a; 19: 7-5a; 20: J-3b; 21: 1496; 22: 1651; 23: 1657; 24: 1699-1; 25: 1699-2; 26: 1713El; 27: 1713-E2; 28: 1713-F; 29: 1714-B1; 30: 1714-B2;31: PI; 32: P3; 33: P5; 34: P6;
35: P7; 36: P8; 37: P9; 38: P10; 39: PI 1; 40: P12. 41: P13; 42: P15; 43: P16; 44: P34; 45:
P35; 46: P36; 47: P38; 48: P40; 49: P41; 50: P42; 51: P17; 52: P19; 53: P20; 54: P24; 55:
P25; 56: P28; 57: P29; 58: P30; 59: P32; 60: P33.61: 2k-lx3k-4; 62: P12x2k-1; 63:
P12xP5; 64: P12xP10; 65: P12xP16; 66: P20xP5(D; 67: P20xP5@; 68: P20xP8; 69:
P20x2k-1; 70: P20xl651; 71: P20xl714-B2; 72: P12xP40; 73: P30xP40. Gel was
running from the cathodal (-, upper) to the anodal (+, lower) in lxTBE.
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Figure 4.4 (continued) Cellulose acetate gel plates stained for Glucose 6-phosphate
isomerase (GPI). 1: 2k-l; 2: 2k-3; 3: 2k-4; 4: 3k-l; 5: 3k-4; 6: 3k-5; 7: 5-1; 8: 5-la; 9: 52; 10: 5-2a; 11: 5-3; 12: 5-3a; 13: 5-4; 14: 5-4a; 15: 5-6a; 16: 7-1; 17: 7-la; 18: 7-3a; 19:
7-5a; 20: J-3b; 21: 1496; 22: 1651; 23: 1657; 24: 1699-1; 25: 1699-2; 26: 1713-El; 27:
1713-E2; 28: 1713-F; 29: 1714-B1; 30: 1714-B2;31: PI; 32: P3; 33: P5; 34: P6; 35: P7;
36: P8; 37: P9; 38: P10; 39: PI 1; 40: P12.41: P13; 42: P15; 43: P16; 44: P34; 45: P35;
46: P36; 47: P38; 48: P40; 49: P41; 50: P42; 51: P17; 52: P19; 53: P20; 54: P24; 55: P25;
56: P28; 57: P29; 58: P30; 59: P32; 60: P33.61: 2k-lx3k-4; 62: P12x2k-1; 63: P12xP5;
64: P12xP10; 65: P12xP16; 66: P20xP5(D; 67: P20xP5(D; 68: P20xP8; 69: P20x2k-1; 70:
P20xl651; 71: P20xl714-B2; 72: P12xP40; 73: P30xP40. Gel was running from the
cathodal (-, upper) to the anodal (+, lower) in lxTBE.

72

MA isolates
41

42

43

44 45

46

47

48

49

50

MA isolates
51

52

53 54

55

56

57

58

59

60

Progeny of crosses
61

62 63 64 65 66 67 68

69

73

70

71

72

73

CHAPTER 5
INTERNAL TRANSCRIBED SPACER ANALYSIS
OF PHYTOPHTHORA CAPSICI

Abstract
All 73 isolates of Phytophthora capsid from Massachusetts, New York, Canada,
and the progeny of crosses were investigated with internal transcribed spacer (ITS)
analysis. Two specific primers: ITS4 and ITS5 were employed with PCR to amplify the
ITS sequences and 5.8s rDNA in rDNA genes. Only one unique amplified band was
found in all isolates. The results indicated that there was no genetic variation in the ITS
region between ITS4 and ITS5. As expected, there was no genetic variation in the
progeny of crosses compared with the parental isolates. One Pythium species and 12 other
Phytophthora species, representing all five major groups of Phytophthora, was amplified
with the same primers ITS4 and ITS5, and all had a major band at approximately 900 bp.
These data revealed that rDNA genes are very conservative and are highly homologous
not only in Phytophthora, but also in Pythium, another genus in the Pythiaceae. The
banding patterns of amplified DNA fragments had differences. ITS analysis can be a
powerful method to analyze genetic diversity interspecifically.

Introduction
One of most useful components of nuclear genomes for the identification of
individuals and populations, as well as for genetic variation, is the multigene family
coding for the 28s and 18s ribosomal RNAs. This gene family consists of a repetitive unit
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containing one copy of major genes separated by internal transcribed spacers (ITS, Figure
5.1). This unit of genes and spacers is usually repeated from several hundred to thousand
times in tandem arrays that can be on several pairs of chromosomes, depending on the
species (Hoelzel and Dover, 1991). There are other features that make ITS regions useful.
First, each spacer is often further divided into a tandem array of subrepeats whose precise
lengths differ between species or even within species. Second, unequal crossing-over is
known to occur both within the spacer repeats and between whole units in the array.
Unequal crossing-over leads to the continual gain or loss of numbers of repeats, which
can be detected as different spacer lengths by PCR analysis and restriction fragment
length polymorphism analysis. Finally, many rDNA and ITS sequences are available in
the Genbank, including P. megakarya (Lee and Taylor 1992), P. citricola, P. cinnamomi,
P. cryptogea, P. cactorum, P. medicaginis, P. drechslei, P. megasperma, P. infestans, P.
nicotianae (Genbank). These sequences can be easily retrieved and analyzed by computer
programs to design specific primers.
This method has been widely used to study phylogeny and genetic variation of
fungi (Kretzer et al, 1996, Albee, et al, 1996), within genera and species. Ristaino et al
(1995) used PCR amplification of ITS regions to identify Phytophthora and found that P.
capsici produced unique amplicants. Foster et al. (1995) compared a wide range of
Phytophthora species with ITS analysis and noticed extensive genetic variability within a
worldwide collection of P. capsici.
In this study, two ITS primers were used to investigate the genetic variation in the
ITS region for the P. capsici collections and other Phytophthora species. The data
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provided an insight into the properties of rDNA genes in collected isolates of P. capsici
and other Phytophthora species.

Materials and Methods
Fungal isolates. A total of seventy-three isolates of P. capsici were used in this study.
Thirty were from Massachusetts (MA), twenty from New York (NY), ten from Canada
(CAN), and thirteen isolates from crosses (Appendix A). Other Phytophthora species: P.
cactorum, P. citricola, P. megasperma, P. cinnamomi, P. palmivora, P. boehmeriae, P.
botryosa, P. citrophthora, P. katsurae, P. megakarya, and P. parasitica, as well as
Pythium aphanidermatum from R. Wick’s collection were investigated. They were
routinely subcultured on V8 agar (Appendix D, Dingra and Sinclair, 1985) at 25 °C.
Extraction of genomic DNA from Phytophthora capsici. Extraction of genomic DNA
was carried out as described by Ashktorab and Cohen (1992) with some modifications. The
fungi were grown under conventional liquid or solid culture conditions. Mycelia were
harvested and rapid-frozen in liquid nitrogen and ground with mortar and pestle. Two and a
half volumes (v/wt) of lysis buffer (50 mM Tris-HCl pH 7.6, 100 mM NaCl, 50 mM
Na^DTA, 5% SDS, 10 mM P-mercaptoethanol) were added, and the slurry was incubated
at 60 °C for 30 min. Phenol (1:1 V/V saturated with Tris-HCl with its pH adjusted to 7.6 )
and chloroform (1:4 v/v) were added to the extract. The aqueous layer was removed
carefully with a wide mouth pipette and the DNA precipitated with 2 volumes of
isopropanol. The DNA was washed with 70% ethanol and dried with a vacuum pump. The
DNA was dissolved in TNE buffer (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA,
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and 50 pg/ml RNase A) and incubated for 30 min at 37°C. For each mililiter of sample, 145
pi of 5 M NaCl was added, and 135 pi of 10 % CTAB (hexadecyltr-methyl-ammonium
bromide in 0.7 M NaCl) were added, incubated at 65°C for 30 min, cooled to room
temperature and extracted with 1 volume of chloroforrmisoamyl alcohol (24:1) at least 3
times until there was no interface visible. Two volumes of isopropanol were added to the
aqueous suspension, incubated for 10 min at -20°C, and centrifuged for 5 min at 10,000
rpm. The DNA was washed with 70% ethanol, vacuum-dried and dissolved in TE (10 mM
Tris-HCl, 1 mM EDTA, pH 8).
Polymerase chain reaction of ITS region. The extracted genomic DNA of P. capsici was
subjected to ITS analysis. The amplification was performed as described by Yu and Pauls
(1992) with the following modifications: in the initiation cycle, 95°C for 5 min, 50°C for 1
min, 72°C for 2 min, 1 cycle; in the amplification cycle, 94°C for 1 min, 50°C for 1 min,
and 72°C for 2 min, 35 cycles and in the final autoextension cycle, 72°C for 7 min. The
reaction mixture consisted of 1.25 pi 10X PCR buffer, 200 pM four dNTP, 0.25 units of
Taq polymerase (Promega), 8.0 mM MgCl2, 100 pmol of ITS 4 primer

(TCCTCCGCTTATTGATATGC) and 100 pmol of ITS 5 primer
(GGAAGTAAAAGTCGTAACAAGG) with 1 ng of diluted template DNA in 12.5 pi
reaction volume.
Electrophoresis and documentation. The PCR products were separated in 1.2% agarose
gel in 0.5X TBE buffer (45 mM Tris-borate, 1 mM EDTA, pH 8), visualized by ethidium
bromide staining and photographed with Polaroid film.
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Results and Discussion
Amplification of ITS with ITS4 and ITS5 was successfully carried out for all
isolates of P. capsici from Massachusetts, New York, Canada and with the progeny of
crosses. The amplified product was approximately 850 bp. The results were reproducible.
Length polymorphisms for the amplified product were not observed. The data (Figure
5.2) did not provide information on genetic variation in P. capsici. The intensities of
amplified fragments varied but they could not be measured precisely to reflect the copy
numbers of ITS regions. Since there were no differences within the ITS4 and the ITS5
regions in the parental isolates, and no difference were found in the amplified product of
progeny, it can be assumed that there was no unequal crossing-over occurring in this
region during sexual reproduction.
Measured rates of unequal crossing-over both within and between different
chromosomal arrays are approximately 10'4 per generation per rDNA unit in Drosophila
(Coen et al 1982) and yeast (Szostak and Wu, 1980). These rates are faster than the base
substitution rate (and hence lead to the homogenization of mutations through the arrays
and species), but are too slow to generate new spacer lengths at a rate that would preclude
their use for the identification of parent-offspring. This could explain why no differences
in amplified DNA were found in the progeny of crosses.
ITS4 and ITS5 were also used to amplify the ITS regions in P. parasitica (group
II), P. megakarya (group II), P. katsurae (group II), P. citrophthora (group II), P.
botryosa (group II), P. boehmeriae (group II), P. palmivora (group II), P. cinnamomi

(group VI), P. megasperma (group V), P. citricola (group III), P. cactorum (group I),
and Pythium aphanidermatum. These Phytophthora species represented all groups of the
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genus Phytophthora except group VI. Because P. capsici is in group II, almost all species
in group II were investigated. The DNA banding patterns are showed in Figure 5.3. Since
the same primers (ITS4 and ITS5) can amplify ITS regions in all these species, they must
be located in 18s rDNA and 28s rDNA, respectively. rDNA genes are very conservative
and are highly homologous not only in Phytophthora, but also in Pythium, another genus
in the Pythiaceae. Similar results were also obtained by Ristiano et al (1995). The major
amplified DNA was at approximately 900 bp in size. Their sizes were close, therefore
they would not be a good marker to identify species in Phytophthora and Pythium.
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Figure 5.2 DNA banding patterns of amplified ITS regions of P. capsici. Electrophoresis
was run on 1.2 % Agarose gel with 0.5x TBE buffer. M. 100 bp DNA ladder.
1: 5-4; 2: 5-3a; 3: 5-3; 4: 5-2a; 5: 5-2; 6: 5-la; 7: 5-1; 8: 3k-5; 9: 3k-4; 10: 3k-l; 11: 2k-4;
12- 2k-3- 13: 2k-1; 14: P42; 15: P41; 16: P40; 17: P38; 18: P36; 19: P35; 20: J-3b; 21: 75a; 22: 7-3a; 23: 7-la; 24: 7-1; 25: 5-6a; 26: 5-4a; 27: P16; 28: P15: 29: P13; 30: P12; 31:
Pl’l; 32: P10; 33: P9; 34: P8; 35: P7; 36: P6; 37: P5; 38: P3; 39: PI. 40: P30; 41: P29;
42: P28; 43: P25; 44: P24; 45: P20; 46: P19; 47: P17; 48: P34; 49: P33; 50: P32; 51:
1714-B2; 52: 1714-B1; 53: 1713-F; 54: 1713-E2; 55: 1713-El; 56: 1699-2; 57: 1699-1;
58: 1657; 59: 1651; 60: 1496; 61: P30xP40; 62: P12xP40; 63: P20xl714-B2; 64:
P20xl651; 65: P20x2k-1; 66: P20xP8; 67: P20xP5(D; 68: P20xP5®; 69: P12xP16; 70:
P12xP10; 71: P12xP5; 72: P12x2k-1; 73: 2k-lx3k-4.
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Figure 5.2 (continued) DNA banding patterns of amplified ITS regions of P. capsici.
Electrophoresis was run on 1.2 % Agarose gel with 0.5x TBE buffer. M: 100 bp DNA
ladder.
1:5-4; 2: 5-3a; 3: 5-3; 4: 5-2a; 5: 5-2; 6: 5-la; 7: 5-1; 8: 3k-5; 9: 3k-4; 10: 3k-l; 11: 2k-4;
12: 2k-3; 13: 2k-1; 14: P42; 15: P41; 16: P40; 17: P38; 18: P36; 19: P35; 20: J-3b; 21: 75a; 22: 7-3a; 23: 7-la; 24: 7-1; 25: 5-6a; 26: 5-4a; 27: P16; 28: P15: 29: P13; 30: P12; 31:
PI 1; 32: P10; 33: P9; 34: P8; 35: P7; 36: P6; 37: P5; 38: P3; 39: PI. 40: P30; 41: P29;
42: P28; 43: P25; 44: P24; 45: P20; 46: P19; 47: P17; 48: P34; 49: P33; 50: P32; 51:
1714-B2; 52: 1714-B1; 53: 1713-F; 54: 1713-E2; 55: 1713-El; 56: 1699-2; 57: 1699-1;
58: 1657; 59: 1651; 60: 1496; 61: P30xP40; 62: P12xP40; 63: P20xl714-B2; 64:
P20xl651; 65: P20x2k-1; 66: P20xP8; 67: P20xP5@; 68: P20xP5®; 69: P12xP16; 70:
P12xP10; 71: P12xP5; 72: P12x2k-1; 73: 2k-lx3k-4.
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Figure 5.3 DNA banding patterns of amplified ITS regions of Phytophthora species. 1: P.
capsici (isolate: 1496); 2: P. parasitica; 3: P. megakarya; 4: P. katsurae\ 5: P.
citrophthora\ 6: P. botryosa\ 7: P. boehmeriae\ 8: P. palmivora’, 9: P. cinnamomv, 10: P.
megasperma; 11: P. citricola\ 12: P. cactorunv, 13: Pythiunv, 14: P. infestans, US-1; 15:
P. infestans, US-6; 16: P. infestans, US-7; 18: P. infestans, US-8; M: 100 bp DNA
ladder.
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CHAPTER 6
RANDOM AMPLIFIED POLYMORPHIC DNA (RAPD)
ANALYSIS OF PHYTOPHTHORA CAPSICI

Abstract
All seventy-three isolates of Phytophthora capsici from Massachusetts, New
York, Canada and the progeny of crosses were assayed by random amplified polymorphic
DNA (RAPD). Based on twenty RAPD markers, different banding patterns were
observed, and two RAPD groups (RG 1 and RG 2) were obtained by using the distance
matrix method. RG 1 included most isolates from Massachusetts, two Canadian isolates,
and RG 2 contained all New York isolates, most Canadian isolates and a few
Massachusetts isolates. The progeny of crosses were distributed in both groups. These
two groups were further divided into subgroups RG 1 A, RG IB, RG 2A and RG2B by
similarities. Cladistic analysis with the MacClade 3.0 program revealed that isolates from
the same locations, from the same hosts, and with the same mating types, tended to
cluster together and exhibit less genetic variation. The data suggested that there is more
genetic variation in isolates from MA than in isolates from NY and Canada, and that
hosts and mating types have some impact in generating genetic variation. The results
from the progeny of crosses indicated that sexual reproduction is a source of genetic
variation.

Introduction
Phytophthora capsici Leonian is a destructive pathogen of pepper, tomato and
cucurbits. The fungus is variable in many traits, including morphological characters
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(Chapter 2), isozyme phenotypes (Oudemane and Coffey, 1991, and Mchau and Coffey,
1995) and fungicide resistance (Chapter 3). Isolates of P. capsici collected worldwide
have been divided into three groups that are classified as CAP1, CAP2, and CAP3 by
host range, isozyme analysis, and morphological properties. CAP1 contains isolates
infecting pepper, tomato and cucurbit plants.
To investigate genetic variation, morphological characters can be used (Chapter
2), as well as isozymes. Restriction fragment length polymorphisms (RJFLP) have several
advantages over isozymes as molecular markers. The numbers of RFLP markers are
effectively unlimited. However, detection of RFLPs is laborious and relatively costly. To
avoid these problems, random amplified polymorphic DNA (RAPD) analysis (Williams,
et al, 1990) has been developed, and genetic markers generated by RAPD have proved
useful to study genetic variation and phylogenetic relateions in a wide range of organisms
(Crowhust, et al, 1991; Goodwin and Annis, 1991; Guthrie, et al, 1992 and Shi, et al,
1996) . Usually a 10- base random primer is used to amplify genomic DNA in a
polymerase chain reaction, and the banding patterns of the amplified DNA are analyzed.
A schematic diagram of the assay is illustrated in Figure 6.1. Research has confirmed that
RAPD analysis is a valid tool for investigating genetic variation and phylogeny among
strains within a species (Tibayrenc et al., 1993). The purpose of this research was to use
RAPD markers to evaluate genetic variation and to reveal the source of variation in
isolates in P. capsici.

Materials and Methods
Fungal isolates. A total of seventy-three isolates of P. capsici were used in this study.
Thirty were from Massachusetts (MA), twenty from New York (NY), ten from Canada
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(CAN), and thirteen from crosses (Appendix A). Isolates were maintained and subcultured
on V8 agar (Appendix D, Dingra and Sinclair, 1985) at 25 °C.

Extraction of genomic DNA from Phytophthora capsicu Extraction of genomic DNA
was carried out as described by Ashktorab and Cohen (1992) with some modification. The
fungi were grown under conventional liquid or solid culture conditions. Mycelia were
harvested and rapid-frozen in liquid nitrogen, ground with mortar and pestle. Two and a
half volumes (v/wt) of lysis buffer (50 mM Tris-HCl pH 7.6, 100 mM NaCl, 50 mM
Na^EDTA, 5% SDS, 10 mM P-mercaptoethanol) was added and the slurry was incubated at
60 °C for 30 min. Phenol (1:1 V/V saturated with Tris-HCl with its pH adjusted to 7.6 )
and chloroform (1:4 v/v) were added to extract. The aqueous layer was removed carefully
with a wide mouth pipette and the DNA precipitated with 2 volumes of isopropanol. The
DNA was washed with 70% ethanol and dried with a vacuum pump or air-dry. The DNA
was dissolved in TNE buffer (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, and
50 pg/ml RNase A) and incubated for 30 min at 37°C. For each milliliter of sample, 145 pi
of 5 M NaCl was added, and 135 pi of 10 % CTAB (hexadecyltr-methyl-ammonium
bromide) in 0.7 M NaCl was added, incubated at 65°C for 30 min, cooled to room
temperature, extracted with 1 volume of chloroform:isoamyl alcohol (24:1) at least 3 times
until there was no interface visible. Two volume of isopropanol was added to the aqueous
suspension and the mixture was incubated for 10 min at -20°C, and centrifuged for 5 min at
10,000 rpm. The DNA was washed with 70% ethanol, vacuum-dried and dissolved in TE
(10 mM Tris-HCl, 1 mM EDTA, pH 8).
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Random Amplified Polymorphic DNA Analysis (RAPD). The extracted genomic DNA
of P. capsici was subjected to RAPD analysis. The amplification was performed as
described by Yu and Pauls (1992) with some modifications: in the initiation cycle, 95°C for
5 min, 40°C for 1.5 min, 72°C for 2.5 min, 1 cycle; in the amplification cycle, 94°C for 1
min, 40°C for 1.5 min, and 72°C for 2.5 min, 40 cycles and in the final autoextension cycle,
72°C for 7 min. The reaction buffer was 1.25 pi 10X PCR buffer, 200 pM four dNTP, 0.25
units of Taq polymerase, 8.0 mM MgCl2, 100 pmol 10 base random primer (Operon,
Appendix C) with 1 ng of diluted template DNA in 12.5 pi reaction volume. 12.5 pi of
reaction products were analyzed in 1.2% agarose gel in 0.5X TBE buffer (45 mM Trisborate, 1 mM EDTA, pH 8), and visualized by ethidium bromide staining and photographed
(Williams, et al., 1990).

Data analysis. DNA banding patterns generated by RAPD were scored as “1” for the
presence of the amplified band and “0” for its absence. The primers that produced
consistent banding patterns were chosen to analyze the entire collection of P. capsici
isolates. All RAPD assays were performed at least twice and only the reproducible bands
were scored. The DNA banding patterns were transformed into a binary matrix. A
dendrogram were constructed based on RAPD data using the MacClade version 3.0
(Maddison and Maddison, 1992)and PAUP version 3.1 (Swofford and Begle, 1993).
Genetic relationships were reflected by the clusters.

Results and Discussion
All isolates used in this study would be classified as CAP1 by Oudemans and
Coffey (1991a). Previous studies suggested that P. capsici from pepper and cucurbits
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were highly variable (Ristaino, 1990). Variation was observed in a study of fungicideresistance, but isozyme and ITS analyses failed to pinpoint the genetic variation or to
provide direct clues to the relationship between resistance and genetic variation.
Twenty 10-mer random primers (OPA kit, OPERON, CA) were employed to
amplify genomic DNA from all isolates in the P. capsici collection. Some primers
produced inconsistent banding patterns and some only amplified large DNA fragments
(>1500 bp) which were not useful for detecting small insertions and deletions on an
agarose gel electrophoresis because of limited resolving power. These primers were not
used in subsequent studies. Consistent banding patterns were obtained from two random
primers: OPA03 and OPA07 (Figure 6.2 and Figure 6.3). Considerable amplified DNA
polymorphism was present among the isolates from the P. capsici collection. A total of
twenty DNA markers (bands) were evaluated. Seventeen of them were from OPA03
amplified DNAs, and the other three were from OPA07. Some DNA markers were
present in all isolates, such as the 1080 bp band from OPA07 (Figure 6.3).
By MacClade cluster analysis, 73 isolates of P. capsici from Massachusetts, New
York, Canada, and the progeny of crosses were clustered as two RAPD groups (RG 1 and
RG 2, Figure 6.4, Figure 6.5 and Figure 6.6). RG 1 contained isolates from
Massachusetts, some of the progeny and two Canadian isolates (1714-B1 and 1714-B2).
RG 2 included all New York isolates, some of progeny of crosses and the majority of
Canadian isolates. RG 1 was further divided into two subgroups, RG 1A and RG IB. RG
1A was a complex from isolates from pepper and squash of Whately, and Chicoppe, MA
along with some progeny of crosses. RG IB contained isolates from pepper and squash
from Chicoppe, MA with some progeny of crosses, and two Canadian isolates (1714-B1
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and 1714-B2). In group RG2, two subgroups (RG 2A and RG 2B) were proposed. In RG
2, isolates from pumpkin from New York and three from squash from Chicopee, MA
tended to cluster together. Squash and pumpkin isolates appear to be very close related.
These results suggested that host may affect genetic variation of P. capsici. Canadian
isolates (except 1714-B1 and 1714-B2) were clustered closely (Figure 6.5). These results
suggested that isolates from Massachusetts had more genetic variation since they were
found in all subgroups. Isolates from New York and Canada were grouped relatively
closely and had less genetic variation.
P. capsici is a soil-borne pathogen with limited ability to disperse through air. The
limited ability to disperse results in isolates from one location appearing as a very close
genotype (Figure 6.6, subgroup RG IB). Some isolates from Chicopee, MA were
distributed to other subgroups, such as P40, P41 and P42 in RG 1 A; and P35, P36 and
P38 in RG 2B. These results suggested that genetic variation existed in the isolates from
Chicopee, MA.
The RAPD analysis of the progeny of crosses showed that some isolates were
grouped with one of their parental isolates, such as PI 2 with P12x2k-1 and P20 with
P20xP5. Interestingly, some isolates (P30xP40, P16xP12 and P12xP40) were distant
from their parental isolates. This genetic variation arose from sexual reproduction.
The results displayed in Figure 6.4 indicate that isolates with the same mating
type tended to cluster together. This dendrogram also indicates that exchange of genetic
information is occurring between different mating types as opposed to simple hormonal
induction (selfing). The progeny of PI2, P40 was not clustered with its parental isolates:
P12 and P40.
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In Quebec, Canada, only one mating type was found, there is no sexual
reproductin occurred, in other words, there is no DNA recombination during
reproduction. Although there are two clusters of of isolates (1714B1, 1714B2 as one
cluster, all other CAN isolates as another), there probably was no genetic exchange
between them to generate more genetic variation. Precaution should be taken to prevent
A1 P. capsici from being induced into Quebec, Canada.
Interestingly, NY isolates, 2k-1, 2k-3 and 2k-4 were from one site, and 3k-1, 3k-4,
and 3k-5 were from another site, but they belong to the same grower. Since these isolates
were genetically very closely related, it suggests that both sites were cross-contaminated
by weather events or by human activities, such as machinery.
This study demonstrated that considerable DNA polymorphism is present in P.
capsici. The highest degree of DNA polymorphism was observed in MA isolates. RAPD
analysis is a more powerful method for investigation of genetic variation within species
and has much more potential in genetic research of organisms.
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Figure 6.1 Diagram of random amplified polymorphic DNA (RAPD) analysis. One
random primer is employed to amplify the DNA template. The DNA banding patterns can
be transformed to matrix and analyzed with some software programs.
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Figure 6.2 Randomly amplified polymorphic DNA patterns of genomic DNA with primer
OPA03, obtained by gel electrophoresis of P. capsici.
1: 5-4; 2: 5-3a; 3: 5-3; 4: 5-2a; 5: 5-2; 6: 5-la; 7: 5-1; 8: 3k-5; 9: 3k-4; 10: 3k-1; 11: 2k-4;
12- 2k-3; 13: 2k-l; 14: P42; 15: P41; 16: P40; 17: P38; 18: P36; 19: P35; 20: J-3b; 21: 75a; 22: 7-3a; 23: 7-la; 24: 7-1; 25: 5-6a; 26: 5-4a; 27: P15; 28: P13; 29: P12; 30: Pll; 31:
P10; 32: P9; 33: P8; 34: P7; 35: P6; 36: P5; 37: P3; 38: PI; 39: P34; 40: P33; 41: P32;
42: P30; 43: P29; 44: P28; 45: P25; 46: P24; 47: P20; 48: P19; 49: P17; 50: P16; 51:
1714-B2; 52: 1714-B1; 53: 1713-F; 54: 1713-E2; 55: 1713-El; 56: 1699-2; 57: 1699-1;
58: 1657;59: 1651; 60: 1496; 61: P30xP40; 62: P12xP40; 63: P20xl714-B2; 64:
P20xl651; 65: P20x2k-1; 66: P20xP8; 67: P20xP5(D; 68: P20xP5(D; 69: P12xP16; 70:
P12xP10; 71: P12xP5; 72: P12x2k-1; 73: 2k-lx3k-4;M: 100 bp DNA ladder.
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Figure 6.2 (continued) Randomly amplified polymorphic DNA patterns of genomic DNA
with primer OPA03, obtained by gel electrophoresis of P. capsici.
1: 5-4; 2: 5-3a; 3: 5-3; 4: 5-2a; 5: 5-2; 6: 5-la; 7: 5-1; 8: 3k-5; 9: 3k-4; 10: 3k-1; 11: 2k-4;
12: 2k-3; 13: 2k-l; 14: P42; 15: P41; 16: P40; 17: P38; 18: P36; 19: P35; 20: J-3b; 21: 75a; 22: 7-3a; 23: 7-la; 24: 7-1; 25: 5-6a; 26: 5-4a; 27: P15; 28: P13; 29: P12; 30: PI 1; 31:
P10; 32: P9; 33: P8; 34: P7; 35: P6; 36: P5; 37: P3; 38: PI; 39: P34; 40: P33; 41: P32;
42: P30; 43: P29; 44: P28; 45: P25; 46: P24; 47: P20; 48: P19; 49: P17; 50: P16; 51:
1714-B2; 52: 1714-B1; 53: 1713-F; 54: 1713-E2; 55: 1713-El; 56: 1699-2; 57: 1699-1;
58:1657; 59: 1651; 60: 1496; 61: P30xP40; 62: P12xP40; 63: P20xl714-B2; 64:
P20xl651; 65: P20x2k-1; 66: P20xP8; 67: P20xP5(D; 68: P20xP5®; 69: P12xP16; 70:
P12xP10; 71: P12xP5; 72: P12x2k-1; 73: 2k-lx3k-4; M: 100 bp DNA ladder.
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Figure 6.3 Randomly amplified polymorphic DNA patterns of genomic DNA with primer
OPA07, obtained by gel electrophoresis of P. capsici.
I: 5-4; 2: 5-3a; 3: 5-3; 4: 5-2a; 5: 5-2; 6: 5-la; 7: 5-1; 8: 3k-5; 9: 3k-4; 10: 3k-1; 11: 2k-4;
12: 2k-3; 13: 2k-l; 14: P42; 15: P41; 16: P40; 17: P38; 18: P36; 19: P35; 20: J-3b; 21: 75a; 22: 7-3a; 23: 7-la; 24: 7-1; 25: 5-6a; 26: 5-4a; 27: P16; 28: P15: 29: P13; 30: P12; 31:
PI 1; 32: P10; 33: P9; 34: P8; 35: P7; 36: P6; 37: P5; 38: P3; 39: PI; 40: P30; 41: P29;
42: P28; 43: P25; 44: P24; 45: P20; 46: P19; 47: P17; 48: P34; 49: P33; 50: P32; 51:
1714-B2; 52: 1714-B1; 53: 1713-F; 54: 1713-E2; 55: 1713-El; 56: 1699-2; 57: 1699-1;

58: 1657; 59: 1651; 60: 1496; 61: P30xP40; 62: P12xP40; 63: P20xl714-B2; 64:
P20xl651; 65: P20x2k-1; 66: P20xP8; 67: P20xP5@; 68: P20xP5(D; 69: P12xP16; 70:
P12xP10; 71: P12xP5; 72: P12x2k-1; 73: 2k-lx3k-4; M: 100 bp DNA ladder.
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Figure 6.3 (continued) Randomly amplified polymorphic DNA patterns of genomic DNA
with primer OPA07, obtained by gel electrophoresis of P. capsici.
1: 5-4; 2: 5-3a; 3: 5-3; 4: 5-2a; 5: 5-2; 6: 5-la; 7: 5-1; 8: 3k-5; 9: 3k-4; 10: 3k-l; 11: 2k-4;
12: 2k-3; 13: 2k-1; 14: P42; 15: P41; 16: P40; 17: P38; 18: P36; 19: P35; 20: J-3b; 21: 75a; 22: 7-3a; 23: 7-la; 24: 7-1; 25: 5-6a; 26: 5-4a; 27: P16; 28: P15: 29: P13; 30: P12; 31:
P 1*1; 32: P10; 33: P9; 34: P8; 35: P7; 36: P6; 37: P5; 38: P3; 39: PI; 40: P30; 41: P29;
42: P28; 43: P25; 44: P24; 45: P20; 46: P19; 47: P17; 48: P34; 49: P33; 50: P32; 51:
1714-B2; 52: 1714-B1; 53: 1713-F; 54: 1713-E2; 55: 1713-El; 56: 1699-2; 57: 1699-1;
58:1657;59:1651; 60: 1496; 61: P30xP40; 62: P12xP40; 63: P20xl714-B2; 64:
P20xl651; 65: P20x2k-1; 66: P20xP8; 67: P20xP5(D; 68: P20xP5®; 69: P12xP16; 70:
P12xP10; 71: P12xP5; 72: P12x2k-1; 73: 2k-lx3k-4; M: 100 bp DNA ladder.
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Figure 6.4 Cluster analysis of all isolates of P. capsid, based on RAPD analysis with
primers: OPA03 and OPA07. The graph shows the relationship between isolates and the
clusters of mating types (A1 and A2).
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Figure 6.5 Cluster analysis of all isolates of P. capsici, based on RAPD analysis with
primers: OPA03 and OPA07. The graph shows the relationship between isolates (same as
Figure 6.3) and the clusters of hosts. P: pepper; S: squash; and Pumpkin
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CHAPTER 7
DEVELOPMENT OF RAPD TECHNIQUE FOR THE
DETECTION AND IDENTIFICATION OF PHYTOPHTHORA CAPSICI

Abstract
Phytophthora capsici is the causal agent of root rot, crown rot and fruit rot in
pepper, squash and other cucurbit plants. Traditionally, morphological and cultural
characters are used to identify the pathogen. In this study, a probe (PC07) for P. capsici
was developed from amplified DNA with primer OPA07 using random amplified
polymorphic DNA (RAPD) techniques. This probe was approximately 1080 base pairs in
length. In the specificity test, PC07 only hybridized with OPA07 amplified DNA from
the genome of P. capsici, but not from other Phytophthora species including P. cactorum,
P. citricola, P. megasperma, P. cinnamomi, P. palmivora, P. boehmeriae, P. botryosa, P.
citrophthora, P. katsurae, P. megakarya, and P. parasitica, P. infestans, as well as
Pythium aphanidermatum. This P. capsici specific probe was subjected to partial
sequencing. The data were used to design specific primers for P. capsici identification
and detection. A pair of 20 base-pair specific primers were successfully developed. The
primers specifically amplified a single, unique DNA band at approximately 1060 bp in all
73 isolates of P. capsici.

Introduction
Phytophthora capsici (Leonian) is a soil-borne pathogenic fungus which attacks
the root systems and other plant parts that directly contact soil. It causes root rot, crown
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rot and fruit rot in pepper, tomato, and cucurbits, and has resulted in large crop loss in
Massachusetts and New York. This pathogen is typically restricted to local sites, and has
limited disperal ability. However, it can be introduced to new areas by farming
machinery or storms. Recently, it was reported in Quebec, Canada (Lacroix, 1995).
The techniques currently used for detection and identification of Phytophthoras
are the direct plating of infected root or stem samples on the selective media PVP-H
(Appendix D) and/or immunoassay kits. These techniques have shortcomings. Cultural
methods are time-consuming and require knowledge of fungal taxonomy. Immunoassay
techniques are not species specific. To avoid these problems, a new technique using a
specific DNA probe has been developed. Species-specific DNA probes have been
developed for P. parasitica (Goodwin, et al. 1989) and P. citrophthora (Goodwin, et al.
1990) by the construction and screening of genomic DNA libraries, and for P. cinnamomi
(Dobrowoske and O’Brien, 1993) and Fusarium oxysporum (Pan and Wick, 1995) using
RAPD. Use of DNA probes improves the sensitivity, specificity and saves time. The
technique is labor intensive and requires at least two to three days. A faster technique was
developed in this study by using species-specific primers in PCR to detect or identify P.
capsici in one day.
Compared to traditional methods of developing a DNA probe, RAPD has many
advantages. First, it is not necessary to know the genomic background of the target
organism, or to construct and screen a gene library for probe sequence. Secondly, it is
very easy to select a DNA fragment from RAPD analysis to develop a probe with genus
or species specificity, or even pathovar or ‘f. sp.’ specificity.
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In this study, a new P. capsici specific probe was developed from amplified DNA,
and labeled with nonradioactive material. Partial sequencing was also performed and a
pair of specific primers were designed to identify Phytophthora isolates.

Materials and Methods
Fungal isolates. A total of seventy-three isolates of P. capsici were used in this study.
Thirty were from Massachusetts (MA), twenty from New York (NY), ten from Canada
(CAN), and thirteen from crosses (Appendix A). Isolates were maintained and subcultured
on V8 agar (Appendix D, Dingra and Sinclair, 1985) at 25 °C.

Extraction of genomic DNA from Phytophthora capsici. Extraction of genomic DNA
was carried out as described by Ashktorab and Cohen (1992) with some modifications. The
fungi were grown under conventional liquid or solid culture conditions. Mycelia were
harvested and rapid-frozen in liquid nitrogen, and ground with mortar and pestle. Two and a
half volumes (v/wt) of lysis buffer (50 mM Tris-HCl pH 7.6, 100 mM NaCl, 50 mM
Na^DTA, 5% SDS, 10 mM P-mercaptoethanol) was added and the slurry was incubated at
60 °C for 30 min. Phenol (1:1 V/V saturated with Tris—HC1 with its pH adjusted to 7.6 )
and chloroform (1:4 v/v) were added to extract. The aqueous layer was removed carefully
with a wide mouth pipette and the DNA precipitated with 2 volumes of isopropanol. The
DNA was washed with 70% ethanol and dried with a vacuum pump. The DNA was
dissolved in TNE buffer (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, and 50
pg/ml RNase A) and incubated for 30 min at 37°C. For each milliliter of sample, 145 pi of
5 M NaCl and 135 pi of 10 % CTAB (hexadecyltr-methyl-ammonium bromide) in 0.7 M
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NaCl was added, incubated at 65°C for 30 min, cooled to room temperature, extracted with
1 volume of chloroform:isoamyl alcohol (24:1) at least 3 times until there was no interface
visible. Two volumes of isopropanol were added to the aqueous suspension and the
mixture was incubated for 10 min at -20°C. 5 min at 10,000 rpm. The DNA was washed
with 70% ethanol, vacuum-dried and dissolved in TE (10 mM Tris-HCl, 1 mM EDTA, pH

8).
Random Amplified Polymorphic DNA Analysis (RAPD). The extracted genomic DNA
of P. capsici was subjected to RAPD analysis. The amplification was performed as
described by Yu and Pauls (1992) with some modifications: in the initiation cycle, 95°C for
5 min, 40°C for 1.5 min, 72°C for 2.5 min, 1 cycle; in the amplification cycle, 94°C for 1
min, 40°C for 1.5 min, and 72°C for 2.5 min, 40 cycles and in the final autoextension cycle,
72°C for 7 min. The reaction buffer was 1.25 pi 10X PCR buffer, 200 pM four dNTP, 0.25
units of Taq polymerase, 8.0 mM MgCl2, 100 pmol 10 base random primer (Operon,
Appendix C) with 1 ng of diluted template DNA in 12.5 pi reaction volume. 12.5 pi of
reaction products was analyzed in 1.2% agarose gel in 0.5x TBE buffer (45 mM Tris-borate,
1 mM EDTA, pH 8), visualized by ethidium bromide staining and photographed (Williams,
et al., 1990).
Isolation of Species-specific Fragments from Agarose Gel. After RAPD analysis, the
amplified DNAs were separated on Agarose gel by electrophoresis. Band patterns were
compared from different isolates or different species of Phytophthora, depending on the
specific purpose, and unique fragments were isolated by cutting out the gel blocks
containing fragments of interest. The blocks were placed on top of a polyester plug (Glenn
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and Glenn, 1994), and the DNAs were recovered by centrifuging the tubes with 0.5X TBE
for 1 min at 3000-5000 g. The DNA was eluted into a small volume of buffer (25-100 pi)
followed by precipitation with 1 volume of isopropanol at -20 °C for 10 min. After
precipitating, the DNA was pelletized at 10,000 x rpm and washed with 70% ethanol. The
extracted fragments were confirmed by PCR with the same random primer used for the
original RAPD.

Cloning of the specific Fragments. The extracted specific fragments were cloned in E. coli
JM109 {recA1, gyrA96, endA\, thi, hsdRXl, (rk_,mk+), relA\, supE44, _.(lac-proAB), [F',
traD36,proAB, /adqZ_M15] (from Promega). The pGEM®-T vector tube was centrifuged
to collect the contents. A ligation reaction was carried out as follows: 1 pi of 10X T4 DNA
ligase buffer, 1 pi of pGEM-T vector (50 ng), 5 pi of the extracted specific fragments, 1 pi
T4 DNA ligase, and dH20 was added to a final volume of 10 pi. The reaction tube was
incubated for 3 hours at 15 °C, then a 2 pi aliquot (Figure 7.1) was mixed with 50 pi of
high efficiency JM109 competent cells. The tubes were gently clicked to mix and placed on
ice for 20 min, then heat- shocked for 45-50 sec. at exactly 42 °C. Tubes were returned to
ice for 2 min. LB broth was added to the tubes. Since transformation efficiencies decrease
with increasing insert size, the following guidelines were used to produce acceptable white
colony counts: Four hundred fifty pi LB with 1,500 bp fragment and 1.4 ml for 500 bp PCR
products. The tubes were gently inverted to mix and incubated for 1 hour at 37 °C. Fifty pi
of the transformation culture was spread on the LB/amp/IPTG/X-gal plate and incubated
overnight (24 hours) at 37 °C. The transformed bacteria that formed colonies
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were inoculated into 5 ml LB broth and cultured at 27 °C with shaking overnight (Promega
Technical Bulletin, 150).
Extraction of plasmid with inserted fragments. One and one half ml of the culture was
collected into a microcentrifuge tube and centrifuged at 12,000 g for 30 sec. at 4 °C. The
medium was removed by aspiration, leaving the bacterial pellet as dry as possible. The
bacterial pellet was resuspended in 350 pi of STET (0. 1 M NaCl, 10 mM Tris-HCl, pH 8.0,
1 mM EDTA, pH8.0, 5% Triton X-100). Twenty-five pi of a freshly prepared solution of
lysozyme (10 mg/ml in 10 mM Tris-HCl, pH8.0) was added and mixed by vortexing for 3
sec. The tube was placed in a boiling-water bath for exactly 40 sec. The bacterial lysate was
centrifuged at 12,000 g for 10 min at room temperature. The pellet of bacterial debris was
removed from the microcentrifuge tube with a sterile toothpick. Forty pi of 2.5 M sodium
acetate (pH5.2) and 420 pi of isopropanol were added to the supernatant and mixed by
vortexing. The tube was stored for 5 min at room temperature. The supernatant was
removed by gentle aspiration and DNA pellet was dried by placing the tube in an inverted
position on a paper towel. One milliliter of 70% ethanol was added to the tube and
recentrifuged at 12,000 g for 2 min at 4 °C. All of supernatant was discarded by gentle
aspiration and the DNA was dissolved in 50 pi of TE (pH8.0) containing DNAase-free
RNAase (20 pg/ml) and then vortexed briefly, stored at -20 °C (Sambrook, et al., 1989).
Probe labeling. Labeling of probe was performed with Digoxigenin DNA labeling and
detection kit from Boehringer Mannhein (Indianapolis, IN, USA). PGEM-T with insertion
was used as template for labeling. Template DNA (1 pg-3 pg) was denatured by heating for
10 min in a boiling water bath and quickly chilled on ice/ethanol. Two pi of hexanucleotide
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mix and 2 pi dNTP mixture with dig-dUTP (Dig DNA labeling and detection kit® from
Boehringer Mannheim) were added, and sterile water was used to fill to a final volume of
19 pi; one pi Klenow enzyme was added last. The reaction mixture was centrifuged briefly
and incubated for approximately 60 min at 37 °C. Two pi of 0.2 M EDTA (pH 8.0) was
added to stop the reaction. The label DNA was precipitated by adding 2.5 pi 4 M of LiCl
and 75 pi prechilled ethanol for 30 min at -70 °C or for 2 hours at -20 °C. The labeled DNA
was then centrifuged for 15 min and washed with 50 pi 70% cold ethanol, dried briefly and
dissolved in TE buffer (protocol from Boehringer Mannheim).
Southern blotting. After the separation of DNA fragments by electrophoresis in agarose
gel, the gel was soaked in 300 ml of 0.25 M HC1 for 10 min with gentle shaking. The acid
was poured off and the gel was rinsed with sterile water followed by a soak in 300 ml of 0.4
M NaOH for 25 min. At the same time, a same size of nylon membrane and three of the 3
MM filter paper sheets were soaked in the base. After treating the gel and the membrane,
the gel was placed on a piece of plastic wrap on a smooth surface and briefly blotted with
filter paper to remove excess buffer. The blotted membrane was laid on the gel without
trapping any air bubbles between the blot and the gel and then 2 wet sheets of filter paper
were put on top of the membrane. On top of the filter paper, a stack of 4 cm high paper
towels was added. The whole stack was packed in Saran Wrap™ to prevent evaporation of
the buffer. A weight was placed on top and the blotting was carried out overnight
(Sambrook, et ah, 1989)).
Hybridization and Immunological detection with probe. After Southern blotting, the
transferred membrane was baked at 80 °C for 2 hours. Fifty ml of hybridization buffer (5X
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SSC, 0.5% SDS, 1% of blocking reagent) was prewarmed to 60 °C and incubated with the
baked membrane for 30 min with gentle agitation at 68 °C. DIG-labeled DNA probe (5-25
ng/ml) was denatured by boiling for 5 min and rapidly cooled on ice/ethanol. The denatured
probe was added to hybridization buffer with the membrane. After incubated with gentle
agitation for at least 6 hours at 68 °C , the membrane was washed twice for 5 min each time
in ample 2X SSC, 0.1% SDS at room temperature, and then washed 2x 15 min in 0. IX
SSC, 0.1% SDS at 68 °C under constant agitation. After hybridization and stringency
washes, the membrane was briefly rinsed (1-5 min) in washing buffer (0.1 M maleic acid,
0.15 M NaCl, adjusted to pH 7.5 plus 0.3% Tween 20) and incubated for 30 min in 100 ml
of blocking solution (diluted blocking reagent in 0.1 M maleic acid, 0.15 M NaCl, pH7.5).
Anti-DIG-AP conjugate (Dig DNA kit from Boehringer Mannheim) was diluted to 75
mU/ml in blocking solution and incubated with the membrane for 30 min. The membrane
was washed with 100 ml washing buffer (2x 15 min). The membrane then was equilibrated
2-5 min in 20 ml detection buffer (0.1 M Tris-HCl, 0.1 M NaCl, 50 mM MgCl2, pH9.5).
Finally, the membrane was incubated in 20 ml freshly prepared color solution (45 pi NBT
and 35 pi X-phosphate solution in detection buffer), sealed in plastic bag or box in the dark
until the bands developed.
Sequencing. Sequencing was performed using T7 and SP6 primers with the Sequenase®
Kit from USB (Cleveland, Ohio, USA) and the T7 and SP6 primers from Promega
(Madison, WI, USA), according to the manufacturer’s instructions. Sequence was
determined on both strands.
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Design of specific primers. With the assistance of a primer design program Primer
Premier™ (Version 3.1 for Windows), the sequence data were analyzed and specific primers
were designed as PC07-1 primer (CGATCGAAGCCTAAGAAGAC) and PC07-2 primer
(GTAAATACCGGCCAGAGACC). These designed primers were employed to detect P.
capsici.

PCR with designed primers. The extracted genomic DNA of P. capsici was subjected to
detection and identification with designed, P. capsici specific primers. Amplification was
performed as described by Yu and Pauls (1992) with some modifications: in the initiation
cycle, 95°C for 5 min, 55°C for 1 min, 72°C for 2 min, 1 cycle; in the amplification cycle,
94°C for 1 min, 55°C for 1 min, and 72°C for 2 min, 35 cycles and in the final
autoextension cycle, 72°C for 7 min. The reaction buffer was 1.25 pi 10X PCR buffer, 200
pM four dNTP, 0.25 units of Taq polymerase (Promega), 8.0 mM MgCl2, 100 pmol of
PC07-1 primer (CGATCGAAGCCTAAGAAGAC) and 100 pmol of PC07-2 primer
(GTAAATACCGGCCAGAGACC) with 1 ng of diluted template DNA in 12.5 pi reaction
volume.

Results and Discussion
Genomic DNA of P. capsici was amplified with twenty 10-mer random primers
and the products were separated by gel electrophoresis in agarose. A strong and unique
DNA band (1080 bp) from primer OPA07 was obtained with all P. capsici isolates
(Figure 6.3). This DNA band, which was not observed in other Phytophthora and
Pythium species (Figure 7.3), was excised and extracted in TBE buffer with PEPSIs
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devise (Glenn and Glenn, 1994). The elutes of this fragment (PC07) were used as
template DNA for a second round of PCR amplification with the same primer OPA07 to
obtain sufficient quantities of the fragment. After ethanol precipitation of DNA, this
excised fragment was inserted into the plasmid vector pGEM-T (Promega), and cloned in
E. coli JM109 (Figure 7.1).

The plasmid with insertion (pPC07) was labeled with nonradioactive dig-dUTP
and the labeled pPC07 was used as a probe (PC07) to detect P. capsici. The results
demonstrated that this probe can detect all isolates of P. capsici from MA, NY and
Canada (Figure 7.2).
In order to test the specificity of this probe, the same primer OPA07 was
employed to amplify genomic DNA from other Phytophthora species {P. cactorum, P.
citricola, P. megasperma, P. cinnamomi, P. palmivora, P. boehmeriae, P. botryosa, P.
citrophthora, P. katsurae, P. megakarya, and P. parasitica) and Pythium
aphanidermatum. The amplified DNA products were separated by electrophoresis in an

1.2% agarose gel (Figure 7.3), and then transferred to a nylon membrane for
hybridization with the probe PC07. The results (Figure 7.4) confirmed the specificity of
the probe PC07 to P. capsici.
With this probe, detection and identification of P. capsici usually takes
approximately three days. A new strategy was developed to shorten the procedure. The
PC07 fragment cloned in plasmid pPC07 was subjected for sequencing with Sequenase
Version 2.0. The partial sequence at 5’-end and 3’-end of PC07 (Figure 7.5) was analyzed
with the primer designing program Primer Premier (version 3.1). The designed P. capsici
specific primers: PC07-1 and PC07-2 were 20 base pairs in length. PC07-1 sequence is:
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5’ CGATCGAAGCCTAAGAAGAC-3’, and PC07-2 has sequence: 5’
GTAAATACCGGCCAGAGACC-3’. These primers were used to amplify the genomic
DNA from all isolates of P. capsici collection and from other Phytophthora and Pythium
species. They amplified P. capsici with one unique band at approximately 1060 bp
(Figure 7.7), but did not amplify DNA from other Phytophthora species and Pythium at
the same size (Figure 7.8). DNA from P. katsurae (lane 7, Figure 7.8) and P.
citrophthora (lane 8, Figure 7.8), two closely related species to P. capsici, as well as P.
infestans were also amplified, but the sizes of amplificants were smaller than that of P.
capsici. Therefore using these primers, P. capsici can be easily distinguished from other
Phytophthora species. A pair of P. capsici specific primers was developed and was

successfully used to detect or identify P. capsici.
The partial sequence data was also analyzed with the BLAST program in
Genbank. There is no known sequence in Genbank similar to the PC07 sequence.
However, some highly similar regions were found in Homo sapiens subclone7f9 and aciA
gene in the fungus Aspergillus nidulans (Figure 7.6).
RAPD not only is a useful method to investigate genetic variation at the species
and genus levels, but also provides a powerful tool for developing probes and primers for
detection and identification of plant pathogenic fungi.
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Figure 7.1 Plasmid vector: pGEM-T ( Promega) used to clone P. capsici probe PC07. T7
and SP6 sites were used for sequencing of the probe.
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Figure 7.2 Application of the P. capsid probe. Amplified DNA bands were transferred
from agarose gels (same as Figure 6.2), hybridized with probe PC07 and detected with
color reaction of alkaline phosphatase.
1: 5-4; 2: 5-3a; 3: 5-3; 4: 5-2; 5: 5-la; 6: 5-1; 7: 3k-5; 8: 3k-4; 9: 3k-l; 10: 2k-4; 11: 2k-3;
12- 2k-1; 13: P42; 14: P41; 15: P40; 16: P38; 17: P36; 18: P35; 19: J-3b; 20: 7-5a; 21: 73a; 22: 7-la; 23: 7-1; 24: 5-6a; 25: 5-4a; 26: P16; 27: P15: 28: P13; 29: P12; 30: PI 1; 31:
P10; 32: P9; 33: P8; 34: P7; 35: P6; 36: P5; 37: P3; 38: PI; 39: P30; 40: P29; 41: P28;
42: P25; 43: P24; 44: P20; 45: P19; 46: P17; 47: 5-2a; 48: P34; 49: P33; 50: P32; 51:
1714-B2; 52: 1714-B1; 53: 1713-F; 54: 1713-E2; 55: 1713-El; 56: 1699-2; 57: 1699-1;
58: 1657; 59: 1651; 60: 1496.
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Figure 7.3 DNA banding patterns of amplified DNA from Phytophthora species with
OPA07. 1: Pythium-, 2: P. cactorunv, 3: P. citricola; 4: P. megasperma; 5: P cinnamomi;
6: P palmivora; 7: P boehmeriae; 8: P botryosa\ 9: P citrophthora; 10: P katsurae; 11
P megakarya; 12: P parasitical 13: P capsici (isolate: 1496); M: 100 bp DNA ladder.

121

1312 11 10 9 8

£.*■Vi
*»

7

6

5 4

* 7*

it*

3 2 1

M(bp)

€ **

ft*

«s»

«**

•
%
m
%
•

m
CM

• ft

-ft-*

*-1500

*1000

ft •
**

-

♦
•
«
•
*

• •

<*»

♦ i

40*

*•• *€00

m*

•@*5

•

■

122

1

2

3

4

5

6

7 8

9 10 11 12 13

Figure 7.4 Specificity of the P. capsici probe. DNA was transferred from gel (as Figure
7.3), hybridized with probe PC07 and detected with color reaction of alkaline
phosphatase. 1: Pythium\ 2: P. cactorum\ 3: P. citricola\ 4: P. megasperma\ 5: P.
cinnamomi; 6: P. palmivora; 7: P. boehmeriae; 8: P. botryosa\ 9: P. citrophthora\ 10: P.
katsurae\ 11: P. megakarya\ 12: P. parasitica; 13: P. capsici (isolate: 1496).
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5’-gaaac gggtg cgatc eaaec ctaap aagac ttgaa agtaa40
OPA07

PC07-1 primer

aatca aattt gaaga acaaa aagaa acttc acgtg ggggg so
tgaag aaaca catca gagct cgagc aactc gctaa ctatc

120

gcgca gagct ccgcg catga tgcag atcct accga gtcgt

160

agttg c-(~840 bases)—accca gttca ctcag

1023

cacct aagct aggaa gtact tgaca agaag gtctt ggcca 1053
PC07-2
gtcaa ctcac ccgtt tc-3’
primer

«ioso

OPA07

Figure 7.5 Partial sequence of PC07 probe. Primer sites are underlined.
OPA07: random primer; PC07-1 and PC07-2: designed specific primers.
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BLAST Search Results
gb|L46899|HUM16DC88Z Homo sapiens (subclone 7_f9 from PI H16) DNA
sequence.
Length = 4421
Minus Strand HSPs:
Score = 125 (34.5 bits), Expect = 1.7, P = 0.83
Identities = 37/52 (71%), Positives = 37/52 (71%), Strand = Minus / Plus
Query:

52 TGTGT TTCTT CACCC CCCAC GTGAA GTTTC TTTTT GTTCT

Sbjct: 2336 TATGT TGATT CTATC CCCTA GTGAA GTTTC TGTGT TTTAT
TCAAA TTTGA TT 1

Query

TAACA TTTAA TT 2387 Sbjct

emb|Z11612|ANACIAG A.nidulans aciA gene for AciA protein
Length = 3042
Minus Strand HSPs:
Score =110 (30.4 bits), Expect = 1.9, Sum P(2) = 0.86
Identities = 30/40 (75%), Positives = 30/40 (75%), Strand = Minus / Plus
Query:

49 GTTTCTTCACCCCCCACGTGAAGTTTCTTT TTGTTCTTCA 10

Sbjct: 1220 GTTTCTTCACCCTTCAGGGCAAGGTTCTTATGGTCCTTTA 1259
Score = 81 (22.4 bits), Expect = 1.9, Sum P(2) = 0.86
Identities =17/18 (94%), Positives =17/18 (94%), Strand = Minus / Plus
Query: 1074 CGGGTGAGTTGACTGGCC 1057
Sbjct: 665 CGGGTGGGTTGACTGGCC 682

_

Figure 7.6 Output of Blast search (http://www.ncbi.nlm.nih.gov/cgi-bin/BLAST) with
partial sequence of pc07 probe.
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Figure 7.7 Amplified DNA from P. capsici with designed specific primers: PC07-1 and
PC07-2.
1: 5-4; 2: 5-3a; 3: 5-3; 4: 5-2a; 5: 5-2; 6: 5-la; 7: 5-1; 8: 3k-5; 9: 3k-4; 10: 3k-1; 11: 2k-4;
12: 2k-3; 13: 2k-l; 14: P42; 15: P41; 16: P40; 17: P38; 18: P36; 19: P35; 20: J-3b; 21: 75a; 22: 7-3a; 23: 7-la; 24: 7-1; 25: 5-6a; 26: 5-4a; 27: P16; 28: P15: 29: P13; 30: P12; 31:
PI 1; 32: P10; 33: P9; 34: P8; 35: P7; 36: P6; 37: P5; 38: P3; 39: PI; 40: P30; 41: P29;
42: P28; 43: P25; 44: P24; 45: P20; 46: P19; 47: P17; 48: P34; 49: P33; 50: P32; 51:
1714-B2; 52: 1714-B1; 53: 1713-F; 54: 1713-E2; 55: 1713-El; 56: 1699-2; 57: 1699-1;
58: 1657; 59: 1651; 60: 1496; 61: P30xP40; 62: P12xP40; 63: P20xl714-B2; 64:
P20xl651; 65: P20x2k-1; 66: P20xP8; 67: P20xP5©; 68: P20xP5®; 69: P12xP16; 70:
P12xP10; 71: P12xP5; 72: P12x2k-1; 73: 2k-lx3k-4; M: 100 bp DNA ladder
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W

Figure 7.7 (continued) Amplified DNA from P. capsici with designed specific primers:
PC07-1 and PC07-2.
1: 5-4; 2: 5-3a; 3: 5-3; 4: 5-2a; 5: 5-2; 6: 5-la; 7: 5-1; 8: 3k-5; 9: 3k-4; 10: 3k-l; 11: 2k-4;
12: 2k-3; 13: 2k-1; 14: P42; 15: P41; 16: P40; 17: P38; 18: P36; 19: P35; 20: J-3b; 21: 75a; 22: 7-3a; 23: 7-la; 24: 7-1; 25: 5-6a; 26: 5-4a; 27: P16; 28: P15: 29: P13; 30: P12; 31:
PI 1; 32: P10; 33: P9; 34: P8; 35: P7; 36: P6; 37: P5; 38: P3; 39: PI; 40: P30; 41: P29;
42: P28; 43: P25; 44: P24; 45: P20; 46: P19; 47: P17; 48: P34; 49: P33; 50: P32; 51:
1714-B2; 52: 1714-B1; 53: 1713-F; 54: 1713-E2; 55: 1713-El; 56: 1699-2; 57: 1699-1;
58: 1657; 59:1651; 60: 1496; 61: P30xP40; 62: P12xP40; 63: P20xl714-B2; 64:
P20xl651; 65: P20x2k-1; 66: P20xP8; 67: P20xP5(D; 68: P20xP5®; 69: P12xP16; 70:
P12xP10; 71: P12xP5; 72: P12x2k-1; 73: 2k-lx3k-4; M: 100 bp DNA ladder.
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Figure 7.8 Specificity of the P. capsici specific primers: PC07-1 and PC07-2.
1: P. capsici (isolate: 1496); 2: P. capsici (isolate PI); 3: P. capsici (isolate 2k-1); 4: P.
capsici (isolate P30xP40): 5: P. parasitical 6: P. megakarya\ 7: P. katsurae\ 8: P.
citrophthora\ 9: P. botryosa\ 10: P. boehmeriae\ 11: P. palmivora\ 12: P. cinnamomi; 13:
P. megasperma\ 14: P. citricola\ 15: P. cactorum\ 16: Pythium\ 17: P. infestans, US-1;
18: P. infestans, US-6; 19: P. infestans, US-7; 20: P. infestans, US-8; 21: P. capsici; M:
100 bp DNA ladder.
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CHAPTER 8
SUMMARY

Phytophthora blight, root and crown rot of pepper caused by Phytophthora capsici
Leonian (Leonian, 1922) is a widespread and destructive disease of peppers (Capsicum
annuum L.) in many areas of the United States and worldwide. The pathogen can also
infect squash, cucumber, pumpkin tomato and other crops (Kreutzer, et al, 1940; and
Satour and Butler, 1967). Once the disease occurs, fungicide application is the major
treatment to control disease and protect crops. The introduction of metalaxyl, a
suppressive systemic fungicide, was a breakthrough in the control of diseases caused by
Phytophthora including P. capsici (Urech, et al, 1977 and Erwin and Ribeiro, 1996),
because of its water solubility, activity at low dosage, translocation in plants, and curative
effect. The mechanism of the suppressive effect of metalaxyl on Phytophthora involves
the inhibition of RNA synthesis (Davidse, 1987 and Davidse, et al., 1983). The synthesis
of ribosomal RNA is more inhibited (>90%) than that of transfer RNA (>50%). The
inhibition ultimately leads to inhibition of fungal growth because of the reduction of
rRNA, tRNA and protein synthesis.
Since the introduction of metalaxyl, the incidence of metalaxyl-resistant strains of
Phytophthora infestans has been reported in the Netherland in 1981 (Davidse, at al.,
1981) and more incidences were documented in other areas and with other Phytophthora
species (Erwin and Ribeiro, 1996). Lucas et al. (1990) noted resistant strains of P. capsici
in England. Resistant isolates of P. capsici were also found in Massachusetts and New
York (Chapter 2). The growth of some of the isolates were not inhibited by metalaxyl
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(P7, P9, P10, P34 and P40, Table 3.1). More metalaxyl resistance was found in
Massachusetts than in New York and Canada isolates (Table 3.1).
In addition to fungicide resistance to metalaxyl, metalaxyl has raised some health
and environmental concerns. Metalaxyl has been found in river water, soil, crops and
products such as wines (Kakalikova, et al., 1996), and urine (Headley, et al., 1996). It can
interfere with amine metabolism in rat hearts (Naidu, 1989) and has cotoxic and
cocarcinogenic potential in vitro (Paolini, M. et al., 1996).
Many factors determine the development of fungicide-resistance, including gene
mutation, DNA recombination and the etiology of the pathogen (polycyclic or
monocyclic). UV radiation and mutagens have been used to induce genetic variation that
resulted in fungicide resistance. Bruin and Edgington (1982) treated zoospores of P.
capsid with ultraviolet irradiation and successfully induced metalaxyl resistant isolates.
Joseph and Coffey (1984) used the same method, and the mutagen N-methyl-N’-nitro-Nnitrosoguanidine to induce mutations. They were also able to produce some isolates with
stable metalaxyl resistance in P. citricola. In the research reported here, another approach
was to cross Al and A2 isolates of P. capsici to generate genetic variation. Investigation
of genetic variation can provide important insights into development of fungicide
resistance.
In this research, Phytophthora capsici isolates were collected from infected
pepper and squash fields in Whately and Chicopee, MA; Long Island, New York and
Quebec, Canada. Only one mating type was observed in Canadian isolates (Appendix A).
Morphological and metalaxyl-resistance characteristics, isozyme, ITS and RAPD markers
were used to evaluate the genetic variation in P. capsici isolates.
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The morphological analysis showed that the characters observed were
significantly different among the three locations where the isolates were collected. Within
the three locations, length of pedicel and antheridium, and breadth of sporangium
consistently varied (p<0.001). These morphological characters were also compared
between the two mating types and different hosts in the three different locations. The
length of pedicel and antheridium, and breadth of sporangium, were consistently
significantly different (p<0.001). These results suggested that the morphological
characters are highly variable and can be affected by growing stages and culture
conditions (Al-Hedaithy and Tsao, 1979b). Another problem is that key morphological
structures are not formed in some isolates. Genetic variation can occur without
morphological change and vice versa. More reliable markers were used in the following
analyses.
In the metalaxyl resistance study, two concentrations: 0.1 pg/g and 0.5 pg/g, of
metalaxyl were used to investigate the inhibition of growth rate of P. capsici in the
collections. The results showed that there were significant differences (p<0.001) between
the two concentrations. There were more metalaxyl resistant isolates in Massachusetts’s
collection than in New York’s or the Canadian collection. Resistance to metalaxyl did not
vary significantly among the three locations. Crosses between resistant and sensitive
isolates were conducted to address the role of sexual reproduction in fungicide resistance.
The properties of metalaxyl resistance of some of progeny (such as P12xP40) were
different from their parental isolates. It may indicate genetic variation arising during
sexual reproduction.
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Two stable markers, isozymes and ITS, were used to investigate the P. capsici
collection. These markers did not show differences in all isolates. The results suggested
that all isolates are closely related and highly homologous for isozymes ME, MDH,
G6PDH and GPI, as well as ITS region. They may have the same clonal genotype.
Finally, RAPD analysis was carried out and genetic variation was observed. The
data resulted in the dendrograms shown in Figure 6.4 and Figure 6.5. Two RAPD groups
(RG 1 and RG 2) were obtained according to their distance similarities. RG 1 included
most isolates from Massachusetts and two Canadian isolates. RG 2 contained all New
York isolates, most Canadian isolates and a few Massachusetts isolates. The progeny of
crossed isolates were distributed in both groups. These two groups were further divided
into subgroups RG 1A, RG IB, RG 2A and RG2B by similarities. Cladistic analysis with
the MacClade 3.0 program revealed that isolates from the same locations, from the same
hosts, and with the same mating types, tended to cluster together and have less genetic
variation. The data suggested that hosts and mating types have a role in generating
genetic variation. The results revealed that there is more genetic variation in isolates from
MA than in isolates from NY and Canada. When comparing these results with those from
the fungicide resistance analysis, it was noticed that more resistant isolates were found in
the Massachusetts collection. This may imply that more genetic variation can lead to
more possibilities of fungicide resistance. The results from the crosses indicate that
sexual reproduction is one of the sources of genetic variation. Moreover, there is no
sexual reproduction in Canadian isolates because only one mating type was found. Also
less genetic variation was observed in this location. It can be concluded that sexual
reproduction plays an important role in causing genetic variation in P. capsici.
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CHAPTER 9
CONCLUSION

This research focused on P. capsid from three relatively close locations of
Northeastern U.S.. and Canada. Following genetic analysis and fungicide resistance
study, some conclusions can be obtained: 1) oospores can result from sexual production,
but oospore formation does not exclude the possibility of hormonal induction and selfmg.
2) sexual reproduction of P. capsici results in DNA recombination and cause genetic
variation as demonstrated by inheritance of fungicide resistance and RAPD analysis; 3)
more genetic variation in the population provides more opportunities of the occurrence of
fungicide resistance; 4) RAPD analysis is a more powerful method to investigate genetic
variation within species than isozyme analysis and ITS analysis; 5) Canadian isolates
probably represent a recent introduction as indicated by the occurrence of limited mating
types and highly genetic homology.
The knowledge gained from this research will provide important information for
disease management. Avoiding the introduction of the A1 mating type of P. capsici into
Quebec, Canada will prevent the occurrence of metalaxyl resistance due to sexual
reproduction. This information is a contribution toward our knowledge of the genetic
diversity of P. capsici. This research also provides a methodology for developing probes
and primers for pathogen identification and diagnosis.
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APPENDIX A
ISOLATES USED IN THIS RESEARCH
Table A.l Isolates of Phytophthora capsici from western Massachusetts:

No.

Origin/Location

Host

Mating type

PI

Whately

Pepper

A2

P3

Whately

Pepper

A2

P5

Whately

Pepper

A2

P6

Chicopee

Squash

A1

P7

Chicopee

Squash

A1

P8

Chicopee

Squash

A2

P9

Chicopee

Squash

A2

P10

Chicopee

Squash

A2

Pll

Chicopee

Squash

A1

P12

Chicopee

Squash

A1

P13

Whately

Pepper

A2

P15

Whately

Pepper

A2

P16

Whately

Pepper

A2

P17

Whately

Pepper

A2

P19

Whately

Pepper

A2

P20

Whately

Pepper

A1

P24

Whately

Pepper

A2

P25

Chicopee

Pepper

A1

P28

Chicopee

Pepper

A1

P29

Chicopee

Pepper

A1

P30

Chicopee

Pepper

A1

P32

Chicopee

Squash

A1

P33

Chicopee

Squash

A1

P34

Chicopee

Squash

A1

P35

Chicopee

Squash

A1

P36

Chicopee

Squash

A1

P38

Chicopee

Squash

A1

P40

Chicopee

Pepper

A2

P41

Chicopee

Pepper

A1

P42

Chicopee

Squash

A1
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Table A. 2 Isolates of Phytophthora capsici from Long Island, New York:
No.

Origin/Location

Host

Mating type

2k-1

Long Island

Pumpkin

A2

2k-3

Long Island

Pumpkin

A1

2k-4

Long Island

Pumpkin

A2

3k-1

Long Island

Pumpkin

A2

3k-4

Long Island

Pumpkin

A1

3k-5

Long Island

Pumpkin

A2

5-1

Long Island

Pumpkin

N. D.

5-la

Long Island

Pumpkin

A2

5-2

Long Island

Pumpkin

A1

5-2a

Long Island

Pumpkin

A2

5-3

Long Island

Pumpkin

A2

5-3a

Long Island

Pumpkin

A2

5-4

Long Island

Pumpkin

A2

5-4a

Long Island

Pumpkin

A2

5-6a

Long Island

Pumpkin

N. D.

7-1

Long Island

Pumpkin

A2

7-la

Long Island

Pumpkin

A2

7-3a

Long Island

Pumpkin

A2

7-5a

Long Island

Pumpkin

A2

J-3b

Long Island

Pumpkin

A2

Table A.3 Isolates of Phytophthora capsici from Quebec, Canada:

No.

Origin/Location

Host

Mating type,

1496

Quebec

Pepper

A2

1651

Quebec

Pepper

A2

1657

Quebec

Pepper

A2

1699-1

Quebec

Pepper

A2

1699-2

Quebec

Pepper

A2

1713E1

Quebec

Pepper

A2

1713E2

Quebec

Pepper

A2

1713F

Quebec

Pepper

A2

1714B1

Quebec

Pepper

A2

1714B2

Quebec

Pepper

A2
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Table A.4 Progeny of crosses of Phytophthora capsici:

No.

Origin

Mating type

2

2k-1 x 3k-4

A2

3

P12 x 2k-l

A2

4

P12 x P5

A2

5

P12 x P10

A1

6

P12 x P16

A2

7

P20x P5 ®

A2

8

P20x P5 ©

A2

9

P20 x P8

A1

10

P20 x 2k-1

A1

11

P20 x 1651

A2

12

P20 x 1714B2

A1

13

P12 x P40

A2

14

P30x P40

A1
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APPENDIX B
ISOZYMES AND STAIN RECIPES
Glucose-6-Phosphate Dehydrogenase (G6PDH)
0.6 ml 10.1M Tris-HCl, pH=8.0,
1.5 ml NAPD (3 mg/ml),
0.6 ml D-Glucose-6-phosphate (10 mg/ml),
0.3 ml MgC12 (80 mg/ml),
0.25 ml MTT (10 mg/ml),
0.25 ml PMS (2 mg/ml),
2 ml Agar.
Glucose-6-Phosphate Isomerase (GPI)
1.0 ml 0.1M Tris-HCl, pH=8.0,
1.5 ml NAD (3 mg/ml),
0.25 ml Fructose-6-phosphate (20 mg/ml),
0.25 ml MTT (10 mg.ml),
0.25 ml PMS (2 mg/ml),
10 (1 G6PDH (10 units), 2 ml Agar.
Isocitrate Dehydrogenase (IDH)
1.0 ml 0.1M Tris-HCl, pH=7.0,
1.5 ml NADP (3 mg/ml),
0.75 ml DL-Isocitric acid (4 mg/ml), 0.4 ml MgC12 (80 mg/ml),
0.25 ml MTT ( 10 mg/ml),
0.25 ml PMS (2 mg/ml),
2 ml Agar.
Lactate Dehydrogenase (LDH)
1.0 ml 0.1 M Tris-HCl, pH=7.0,
0.2 ml DL-Lactic acid (5 mg/ml),
0.25 ml PMS (2 mg/ml),

1.5 ml NAD (3 mg/ml),
0.25 ml MTT (10 mg/ml),
2 ml Agar.

Malate Dehydrogenase (MDH)
1.0 ml 0.1M Tris-HCl, pH=8.0,
1.5 ml NAD (3 mg/ml),
0.65 ml Malic substrate (180 ml water, 20 ml Tris-HCl, pH 9.0, 3.68 mg L-Malic
acid, adjust
to pH 8.0),
0.25 ml MTT (10 mg/ml),
0.25 ml PMS (2 mg/ml),
2 ml Agar.
Malate Dehydrogenase NADP (ME)
0.6 ml 0.1 M Tris-HCl, pH=8.0,
0.6 ml Malic substrate,
0.25 ml MTT (10 mg/ml),
2 ml Agar.

1.5 ml NAPD (3 mg.ml),
0.1 ml MgC12, (80 mg/ml),
0.25 ml PMS (2 mg./ml),

Mannose-6-Phosphate Isomerase (MPI)
1.0 ml 0.1 M Tris-HCl, pH=8.0,
1.5 ml NAD (3 mg/ml),
0.25 D-Mannose-6-phosphate (5 mg/ml),
0.25 ml MTT (10 mg/ml),
0.25 ml PMS (2 mg.ml),
5 (1 PGI (2 units),
20 (1 G6PDH (10 units),
2 ml Agar.
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Peptidase (PEP)
2.0 ml 0.02 M Na2HP04 (adjusted to pH=7.5),
0.2 ml Peroxidase (5 mg/ml),
0.4 ml O-Dianisidine (diHCl salt) (4 mg/ml),
0.1 ml MnC12 (20 mg/ml),
0.4 ml Peptide (Gly-Leu) (15 mg/ml),
0.2 ml L-amino acid oxidase (5 mg/ml),
2 ml Agar
6-Phosphogluconate Dehydrogenase (6PGDH)
0.6 ml 0.1 M Tris-HCl, pH=8.0,
1.5 ml NAPD (3 mg/ml),
0.3 ml 6-Phosphogluconic acid (2 mg/ml),
0.3 ml MgC12 (80 mg/ml),
0.25 ml MTT (10 mg/ml),
0.25 ml PMS (2 mg/ml),
2 ml Agar.

i
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APPENDIX C
SEQUENCES OF RANDOM PRIMERS
(OPA, Operon Technologies, Inc.)
OPA-Ol
OPA-03
OPA-05
OPA-07
OPA-09
OP A-11
OPA-13
OPA-15
OPA-17
OPA-19

OPA-02
OPA-04
OPA-06
OPA-08
OP A-10
OPA-12
OPA-14
OPA-16
OPA-18
OPA-20

5 ’C AGGCCCTTC3 *
5 ’ AGTC AGCC AC3 ’
5 ’ AGGGGTCTTG3 ’
5 ’ G AAACGGGT G3 ’
5’GGGTAACGCC3’
5 ’CAATCGCCGT3 ’
5 ’CAGCACCCAC3 ’
5 ’TTCCGAACCC3 ’
5 ’GACCGCTTGT3 ’
5’CAAACGTCGG3’
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5 ’TGCCGAGCTG3 ’
5 ’ AATCGGGCTG3 ’
5’GGTCCCTGAC3’
5 ’GTGACGTAGG3 ’
5’GTGATCGCAG3’
5 ’TCGGCGATAG3 ’
5TCTGTGCTGG3’
5 ’ AGCC AGCGAA3 ’
5 ’ AGGTGACCGT3 ’
5’GTTGCGATCC3’

APPENDIX D
MEDIUM RECIPES
V-8 AGAR:

V-8 juice
CaC03
Agar
Distilled water

1 liter

500 ml

200 ml
2.0 g
15.0 g
800 ml
(adjust to 1 liter)

100 ml
1.0 g
7.5 g
400 ml
(adjust to 500 ml)

Notes: The medium is excellent for the sporulation of various fungi.
Reference:
Dingra, 0. D. and Sinclair, J. B. 1985 Basic Plant Pathology Methods. CRC Pres, Inc.,
Bocca Raton, FL. Page 355.

Stevens, R. B. 1974 Mycology Guidebook. University of Washingto Press, Seattle, WA.
Page 703.

PVP-H (Hymexazole medium):

Com Meal Agar (Difco Laboratories,
Detroit, MI)
Distilled water

1 liter

500 ml

17.Og

8.5 g

1000 ml

500 ml

Autoclave and cool to 50-55 °C, then add the following disolved in a 10 ml sterile water
blank:
10.0 mg
20.0 mg
Pimaricin 50% (Delvocid)
100.0 mg
200.0 mg
Vancomycin
50.0 mg
100.0 mg
PCNB (Terraclor)
Hymexazole (Tachigaren)
70.0 mg
35.0 mg
Pour plates, cover with foil tent to block light while cooling, then wrap in foil for storage.
Reference:
Tsao, P. H. and Guy, S. O. 1977 Inhibition of Mortierella and Pythium in a
Phytophthora-isolation medium containing hymexazole. Phytopathology. 67:796-801.
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Hempseed medium:
Soak 3-5 seeds of hemp in 10 ml of distilled water in capped tube, autoclave at 121 °C for
20 min.

LB medium:
1 liter
BactoCD-trptone
Bacto®-yeast extract

10.0 g
5.0 g

NaCl_5^_g_
Adjust pH to &.0 with NaOH.

LB plates with ampicillim:
Add 15 g agar to 1 liter of LB medium. Allow the medium to cool to 50 °C before adding
ampicillin to a final concentration of 100 pm/ml. Pour 30-35 ml of medium into petri
dishes. Let the agar harden. Store at 4°C for up to one month or at room temperature for
up to one week(Promega Technical Bulletin 150).

LB plates with ampicillin/IPTG/X-Gal:
Make the LB plates with ampicillin as above; then supplement with 0.5 mM IPTG and 80
pg/ml X-Gal and pour the plates. Alternatively, 100 pi of 100 mM IPTG and 20 pi of 50
mg/ml X-Gal may be spread over the surface of the LB-ampicillin plates and allowed to
absorb for 30 minutes at 37°C prior to use(Promega Technical Bulletin 150).
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APPENDIX E
SAS PROGRAMS
ft*****-***********************************************************.
9

*** Program:
disk_4:[wangj.trng.program]Bio.SAS ***;
*** Programmer: jjw
***;
*** Date:
12/27/96
***;
9

*** To:

analysis for Bio data

***;

*****************************************************************.

9

options ps=54 ls=104 nodate missing- ' mprint;
libname out 'user1:[wangj.tmg.sasfiles]';
data ma;
infile 'userl :[wangj.tmg]ma.dat':
input anth antw area host iso local mate oog oos ped spob spol;
run;
data ny;
infile 'userl :[wangj.trng]ny.dat';
input anth antw area iso mate oog oos ped spob spol;
run;
data ca;
infile 'userl :[wangj.trng]ca.dat';
input anth antw area iso mate oog oos ped spob spol;
run;
data combine;
set ma ny ca;
run;
proc sort;
by area;
run;
*** fit the statistical models ***;
%macro glm(data=,vard=,vari=Ivari2=,order=1named=,namei=);
proc sort data=&data;
by &vari;
%if &order=4 %then %do;
proc glm data=&data;
class &vari &vari2;
model &vard=&vari|&vari2;
%end;
%else %do;
proc glm data=&data;
class &vari;
model &vard=&vari;
%end;
%if &order=1 %then %do;
title "Comparing &named among different &namei";
%end;
%if &order=2 or &order=5 %then %do;
title "Comparing &named Between Different &namei in &data";
%end;
%if &order=3 %then %do;
title "Comparing &named Among Different &namei in &data";
%end;
%if &order=4 %then %do;
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title "Comparing &named Among Different &namei Controlling Region";
%end;
%mend glm;
%glm(data=combine,vard=ANTH,vari=AREA,order=1,named=Length of
Antheridia,namei=Regions);
%glm(data=combine,vard=ANTW,vari=AREA,order=1 ,named=Width of
Antheridia,namei=Regions);
%glm(data=combine,vard=OOG,vari=AREA,order=1,named=Oogonia,namei=Regions);
%glm(data=combine,vard=OOS,vari=AREA,order=1,named=Oosp,namei=Regions);
%glm(data=combine,vard=PED,vari=AREA,order=1,named=Sporangia L,namei=Regions);
%glm(data=combine,vard=SPOB,vari=AREA,order=1)named=Sporangia B,namei=Regions);
%glm(data=combine,vard=SPOL,vari=AREA,order=1,named=Pedicel)namei=Regions);
%glm(data=MA,vard=ANTH,vari=MATE,order=2,named=Length of Antheridia,namei=Mating
Types);
%glm(data=MA,vard=ANTW,vari=MATE1order=2,named=Width of Antheridia,namei=Mating
Types);
%glm(data=MA,vard=OOGIvari=MATE,order=2,named=Oogonia,namei=Mating Types);
%glm(data=MA,vard=OOS,vari=MATE,order=2,named=Oosp,namei=Mating Types);
%glm(data=MA,vard=PED,vari=MATE,order=2,named=Sporangia L,namei=Mating Types);
%glm(data=MA,vard=SPOB,vari=MATE,order=2,named=Sporangia B,namei=Mating Types);
%glm(data=MA,vard=SPOL,vari=MATE,order=2,named=Pedicel,namei=Mating Types);
%glm(data=NY,vard=ANTH,vari=MATE,order=2,named=Length of Antheridia,namei=Mating
Types);
%glm(data=NY,vard=ANTW,vari=MATE,order=2,named=Width of Antheridia,namei=Mating
Types);
%glm(data=NY,vard=OOG,vari=MATE,order=2,named=Oogonia,namei=Mating Types);
%glm(data=NY,vard=OOS,vari=MATE,order=2,named=Oosp,namei=Mating Types);
%glm(data=NY,vard=PED,vari=MATE,order=2,named=Sporangia L,namei=Mating Types);
%glm(data=NY,vard=SPOB,vari=MATE,order=2,named=Sporangia B,namei=Mating Types);
%glm(data=NY,vard=SPOL1vari=MATE,order=2,named=Pedicel,namei=Mating Types);
%glm(data=MA,vard=ANTH,vari=ISO>order=3,named=Length of Antheridia,namei=lsolates);
%glm(data=MA,vard=ANTW,vari=ISO,order=3tnamed=Width of Antheridia,namei=lsolates);
%glm(data=MA,vard=OOG,vari=iSO,order=3,named=Oogonia,namei=lsolates);
%glm(data=MA,vard=OOS,vari=ISO,order=3,named=Oosp,namei=lsolates);
%glm(data=MA,vard=PED,vari=ISO,order=3,named=Sporangia L,namei=lsolates);
%glm(data=MA,vard=SPOB,vari=ISO,order=3,named=Sporangia B,namei=lsolates);
%glm(data=MA,vard=SPOL,vari=ISO,order=3,named=Pedicel,namei=lsolates);
%glm(data=NY,vard=ANTH,vari=ISO,order=3,named=Length of Antheridia,namei=lsolates);
%glm(data=NY,vard=ANTW,vari=ISO,order=3,named=Width of Antheridia,namei=lsolates);
%glm(data=NY,vard=OOG,vari=ISO,order=3,named=Oogonia,namei=lsolates);
%glm(data=NY,vard=OOS,vari=ISOIorder=3,named=Oosp,namei=lsolates);
%glm(data=NY,vard=PED,vari=ISO,order=3,named=Sporangia L,namei=lsolates);
%glm(data=NY,vard=SPOB,vari=ISO,order=3,named=Sporangia B,namei=lsolates);
%glm(data=NY,vard=SPOL,vari=ISO,order=3,named=Pedicel,namei=lsolates);
%glm(data=CA,vard=ANTH,vari=ISO,order=3,named=Length of Antheridia,namei=lsolates);
%glm(data=CA,vard=ANTW,vari=ISO,order=3,named=Width of Antheridia,namei=lsolates);
%glm(data=CA,vard=OOG,vari=ISO,order=3,named=Oogonia,namei=lsolates);
%glm(data=CA,vard=OOS,vari=ISO,order=3,named=Oosp,namei=lsolates);
%glm(data=CA,vard=PED,vari=ISO,order=3,named=Sporangia L,namei=lsolates);
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%glm(data=CA,vard=SPOB,vari=ISO,order=3,named=Sporangia B,namei=lsolates);
%glm(data=CA,vard=SPOL,vari=ISO,order=3,named=Pedicel,namei=lsolates);
%glm(data=MA,vard=ANTH,vari=HOST,order=5,named=Length of Antheridia,namei=Hosts);
%glm(data=MA,vard=ANTW,vari=HOST,order=5,named=Width of Antheridia,namei=Hosts);
%glm(data=MA,vard=OOG,vari=HOST,order=5,named=Oogonia,namei=Hosts);
%glm(data=MA,vard=OOS,vari=HOST1order=5,named=Oosp,namei=Hosts);
%glm(data=MA,vard=PED,vari=HOST,order=5,named=Sporangia L,namei=Hosts);
%glm(data=MA,vard=SPOB,vari=HOST,order=5,named=Sporangia B,namei=Hosts);
%glm(data=MA,vard=SPOL,vari=HOST,order=5,named=Pedicel,namei=Hosts);
**** calculate the summary statistics ***;
%macro uni(data=,vard=,vari=vari2= order=, named=, namei=);
%if &order=4 %then %do;
proc sort data=&data;
by &vari &vari2;
%end;
%else %do;
proc sort data=&data;
by &vari;
%end;
%if &order=4 %then %do;
proc univariate data=&data noprint;
by &vari &vari2;
var &vard;
output out=s&data n=n mean=mean std=std min=min max=max median=median;
run;
proc print data=s&data;
%end;
%else %do;
proc univariate data=&data noprint;
by &vari;
var &vard;
output out=s&data n=n mean=mean std=std min=min max=max median=median;
proc print data=s&data;
%end;
%if &order=1 %then %do;
title "SUMMARY STATISTICS FOR &named BY &namei";
%end;
%if &order=2 or &order=5 %then %do;
title "SUMMARY STATISITCS FOR &named BY &namei in &data";
%end;
%if &order=3 %then %do;
title "SUMMARY STATISTICS FOR &named BY &namei in &data";
%end;
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%if &order=4 %then %do;
title "SUMMARY STATISTICS FOR &named BY &namei AND REGION";
%end;
%mend uni;
%uni(data=combine,vard=ANTH,vari=AREA,order=1,named=Length of
Antheridia,namei=Regions);
%uni(data=combine,vard=ANTW,vari=AREA,order=1 ,named=Width of
Antheridia,namei=Regions);
%uni(data=combine,vard=OOG,vari=AREA,order=1,named=Oogonia,namei=Regions);
%uni(data=combine,vard=OOS,vari=AREA,order=1,named=Oosp,namei=Regions);
%uni(data=combine,vard=PED,vari=AREA1order=1,named=Sporangia L,namei=Regions);
%uni(data=combine,vard=SPOB,vari=AREA,order=1,nanned=Sporangia B,namei=Regions);
%uni(data=combine,vard=SPOL,vari=AREA,order=1,named=Pedicel,nannei=Regions);
%uni(data=MA,vard=ANTH,vari=MATE,order=2,named=Length of Antheridia,namei=Mating
Types);
%uni(data=MA,vard=ANTW,vari=MATE,order=2,named=Width of Antheridia,namei=Mating
Types);
%uni(data=MA,vard=OOG,vari=MATE>order=2,named=Oogonia,namei=Mating Types);
%uni(data=MA,vard=OOSIvari=MATE,order=2,named=Oosp,namei=Mating Types);
%uni(data=MA,vard=PED,vari=MATE,order=21named=Sporangia L,namei=Mating Types);
%uni(data=MA,vard=SPOB,vari=MATE,order=2,named=Sporangia B,namei=Mating Types);
%uni(data=MA,vard=SPOL,vari=MATE,order=2,named=Pedicel,namei=Mating Types);
%uni(data=NY,vard=ANTH,vari=MATE,order=2,named=Length of Antheridia,namei=Mating
Types);
%uni(data=NY,vard=ANTW,vari=MATE,order=2,named=Width of Antheridia,namei=Mating
Types);
%uni(data=NY,vard=OOG,vari=MATE,order=2,named=Oogonia,namei=Mating Types);
%uni(data=NY,vard=OOS,vari=MATE,order=2,named=Oosp,namei=Mating Types);
%uni(data=NY,vard=PED,vari=MATE,order=2,named=Sporangia L,namei=Mating Types);
%uni(data=NY,vard=SPOB,vari=MATE,order=2,named=Sporangia B,namei=Mating Types);
%uni(data=NY,vard=SPOL,vari=MATE,order=2,named=Pedicel,namei=Mating Types);
%uni(data=MA,vard=ANTHIvari=ISO,order=3,named=Length of Antheridia,namei=lsolates);
%uni(data=MA,vard=ANTW,vari=ISO,order=3,named=Width of Antheridia,namei=lsolates);
%uni(data=MAIvard=OOG,vari=ISO,order=3,named=Oogonia,namei=lsolates);
%uni(data=MA,vard=OOS,vari=ISO,order=3,named=Oosp,namei=lsolates);
%uni(data=MA,vard=PED,vari=ISO,order=3,named=Sporangia L,namei=lsolates);
%uni(data=MA,vard=SPOB,vari=ISO,order=3,named=Sporangia B,namei=lsolates);
%uni(data=MA,vard=SPOL,vari=ISO,order=31named=Pedicel,namei=lsolates);
%uni(data=NY,vard=ANTH,vari=ISO,order=3,named=Length of Antheridia,namei=lsolates);
%uni(data=NY,vard=ANTW,vari=ISO,order=3,named=Width of Antheridia,namei=lsolates);
%uni(data=NY,vard=OOG,vari=ISO,order=3,named=Oogonia,namei=lsolates);
%uni(data=NY,vard=OOS,vari=ISO,order=3,named=Oosp,namei=lsolates);
%uni(data=NY,vard=PED,vari=ISO,order=3,named=Sporangia L,namei=lsolates);
%uni(data=NY,vard=SPOB,vari=ISO,order=3,named=Sporangia B,namei=lsolates);
%uni(data=Nv vard=SPOL,vari=ISO,order=3,named=Pedicel,namei=lsolates);
%uni(data=CA,vard=ANTH,vari=ISO,order=3,named=Length of Antheridia,namei=lsolates);
%uni(data=CA)vard=ANTW,vari=ISO,order=3,named=Width of Antheridia,namei=lsolates);
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%uni(data=CA,vard=OOG,vari=ISO,order=3,named=Oogonia,namei=lsolates);
%uni(data=CA,vard=OOS,vari=ISO,order=3Inamed=Oosp,namei=lsolates);
%uni(data=CA,vard=PED,vari=ISO,order=3,named=Sporangia L,namei=lsolates);
%uni(data=CA,vard=SPOB,vari=ISO,order=3,named=Sporangia B,namei=lsolates);
%uni(data=CA,vard=SPOL,vari=ISO,order=3,named=Pedicel)namei=lsolates);
%uni(data=MA,vard=ANTH,vari=HOST,order=5,named=Length of Antheridia,namei=Hosts);
%uni(data=MA,vard=ANTW,vari=HOST,order=5,named=Width of Antheridia,namei=Hosts);
%uni(data=MA,vard=OOG,vari=HOST,order=5,named=Oogonia,namei=Hosts);
%uni(data=MA,vard=OOS,vari=HOST,order=5,named=Oosp,namei=Hosts);
%uni(data=MA,vard=PED,vari=HOST,order=5,named=Sporangia L,namei=Hosts);
%uni(data=MA,vard=SPOB,vari=HOST,order=5,named=Sporangia B,namei=Hosts);
%uni(data=MA,vard=SPOLIvari=HOSTIorder=5Inamed=Pedicel,namei=Hosts);
%uni(data=combine,vard=ANTH,vari=AREA,vari2=ISO,order=4,named=Length of
Antheridia,namei=lsolates);
%uni(data=combine,vard=ANTW,vari=AREA,vari2=ISO,order=4,named=Width of
Antheridia,namei=lsolates);
%uni(data=combine,vard=OOG,vari=AREA,vari2=ISO,order=4,named=Oogonia,namei=lsolates);
%uni(data=combine,vard=OOS,vari=AREA,vari2=ISO,order=4,named=Oosp,namei=lsolates);
%uni(data=combine,vard=PED,vari=AREA,vari2=ISO,order=4,named=Sporangia
L,namei=lsolates);
%uni(data=combine,vard=SPOB,vari=AREA,vari2=ISOIorder=4,named=Sporangia
B,namei=lsolates);
%uni(data=combine1vard=SPOL,vari=AREA,vari2=ISO,order=4Inamed=Pedicel,namei=lsolates);
run;

*******************************************************************
*** Program:
disk_4:[wangj.trng.program]Biopost.SAS*
*** Programmer: jjw
***
*** Date:
12/27/96
***
***
*** To:

post analysis for Bio data

***

*******************************************************************

options ps=54 ls=104 nodate missing- ' mprint;
libname out 'user1:[wangj.tmg.sasfiles]';
proc format;
value area 1-MA'
2='NY'
3='CA’;
value mate 1-A1'
2='A2';
value host 1-Pepper'
2='squash';
data ma;
infile 'userl :[wangj.trng]ma.dat';
input anth antw area host iso local mate oog oos ped spob spol;
run;
data ny;
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infile 'userl :[wangj.tmg]ny.dat';
input anth antw area iso mate oog oos ped spob spol;
run;
data ca;
infile 'userl :[wangj.trng]ca.dat’;
input anth antw area iso mate oog oos ped spob spol;
run;
data combine;
set ma ny ca;
proc sort;
by area;
run;
%macro glm(data=,vard=,vari=,vari2=,order=1named=,namei=);
proc sort data=&data;
by &vari;
%if &order=4 %then %do;
proc glm data=&data;
class &vari &vari2;
model &vard=&vari|&vari2;
%end;
%else %do;
proc glm data=&data;
class &vari;
model &vard=&vari;
means &vari;
%if &order=1 or &order=3 %then %do;
means &vari / scheffe;
%end;
%if &orderA=3 %then %do;
format &vari &vari..;
%end;
%end;
%if&order=1 %then %do;
title "Comparing &named among different &namei";
%end;
%if &order=2 or &order=5 %then %do;
title "Comparing &named Between Different &namei in &data";
%end;
%if &order=3 %then %do;
title "Comparing &named Among Different &namei in &data";
%end;
%if &order=4 %then %do;
title "Comparing &named Among Different &namei Controlling Region";
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%end;
%mend glm;
%glm(data=combine,vard=ANTH,vari=AREA,order=1 ,named=Length of
Antheridia,namei=Regions);
%glm(data=combine,vard=ANTW,vari=AREA,order=1 ,named=Width of
Antheridia,namei=Regions);
%glm(data=combine,vard=OOG,vari=AREA,order=1,named=Oogonia,namei=Regions);
%glm(data=combine,vard=OOS,vari=AREA,order=1,named=Oosp,namei=Regions);
%glm(data=combine,vard=PED,vari=AREA,order=1,named=Sporangia L,namei=Regions);
%glm(data=combine,vard=SPOB,vari=AREA,order=1,named=Sporangia B,namei=Regions);
%glm(data=combine,vard=SPOL,vari=AREA,order=1,named=Pedicel,namei=Regions);
%glm(data-MA,vard-ANTH,vari=MATE,order=2,named=Length of Antheridia,namei=Mating
Types);
%glm(data=MA,vard=ANTW,vari=MATEIorder=2,named=Width of Antheridia,namei=Mating
Types);
%glm(data=MA,vard=OOG,vari=MATE,order=2,named=Oogonia,namei=Mating Types);
%glm(data=MA,vard=OOS,vari=MATE,order=2,named=Oosp,namei=Mating Types);
%glm(data=MA)vard=PED,vari=MATE,order=2,named=Sporangia L,namei=Mating Types);
%glm(data=MA,vard=SPOB,vari=MATE,order=2,named=Sporangia B,namei=Mating Types);
%glm(data=MA,vard=SPOL,vari=MATE,order=2,named=Pedicel,namei=Mating Types);
%glm(data=NY,vard=ANTH,vari=MATE,order=2,named=Length of Antheridia,namei=Mating
Types);
%glm(data=NY)vard=ANTW,vari=MATE,order=2,named=Width of Antheridia,namei=Mating
Types);
%glm(data=NY)vard=OOG,vari=MATE,order=2,named=Oogonia,namei=Mating Types);
%glm(data=NY,vard=OOS,vari=MATE,order=2,named=Oosp,namei=Mating Types);
%glm(data=NY,vard=PED,vari=MATE,order=2,named=Sporangia L,namei=Mating Types);
%glm(data=NY,vard=SPOB,vari=MATE,order=2,named=Sporangia B,namei=Mating Types);
%glm(data=NY,vard=SPOL,vari=MATE,order=2,named=Pedicel,namei=Mating Types);
%glm(data=MA,vard=ANTH,vari=ISO,order=3,named=Length of Antheridia,namei=lsolates);
%glm(data=MA,vard=ANTW,vari=ISO,order=3,named=Width of Antheridia,namei=lsolates);
%glm(data=MA1vard=OOG,vari=ISO,order=3,named=Oogonia,namei=lsolates);
%glm(data=MA,vard=OOS,vari=ISO,order=3,named=Oosp,namei=lsolates);
%glm(data=MA,vard=PED,vari=ISO,order=3,named=Sporangia L,namei=lsolates);
%glm(data=MA,vard=SPOB,vari=ISO,order=3,named=Sporangia B,namei=lsolates);
%glm(data=MA,vard=SPOL,vari=ISO,order=3,named=Pedicel,namei=lsolates);
%glm(data=NY,vard=ANTH,vari=ISO,order=3,named=Length of Antheridia,namei=lsolates);
%glm(data=NY,vard=ANTW,vari=ISO,order=3,named=Width of Antheridia,namei=lsolates);
%glm(data=NY,vard=OOG,vari=ISO,order=3,named=Oogonia,namei=lsolates);
%glm(data=NY,vard=OOS,vari=ISO,order=3,named=Oosp,namei=lsolates);
%glm(data=NY,vard=PED,vari=ISO,order=3,named=Sporangia L,namei=lsolates);
%glm(data=NY,vard=SPOB,vari=ISO,order=3,named=Sporangia B,namei=lsolates);
%glm(data=NY,vard=SPOL,vari=ISO,order=3,named=Pedicel1namei=lsolates);
%glm(data=CA,vard=ANTH,vari=ISO,order=3,named=Length of Antheridia,namei=lsolates);
%glm(data=CA,vard=ANTW,vari=ISO,order=3,named=Width of Antheridia,namei=lsolates);
%glm(data=CA,vard=OOG,vari=ISO,order=3,named=Oogonia,namei=lsolates);
%glm(data=CA,vard=OOS,vari=ISO,order=3,named=Oosp,namei=lsolates);
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%glm(data=CA,vard=PED,vari=ISO,order=3,named=Sporangia L,namei=lsolates);
%glm(data=CA,vard=SPOB1vari=ISO,order=3,named=Sporangia B,namei=lsolates);
%glm(data=CA,vard=SPOL,vari=ISO,order=3,named=Pedicel,namei=lsolates);
%glm(data=MA,vard=ANTH,vari=HOSTIorder=5,named=Length of Antheridia,namei=Hosts);
%glm(data=MA,vard=ANTWIvari=HOST,order=5,named=Width of Antheridia,namei=Hosts);
%glm(data=MA,vard=OOG,vari=HOST,order=5,named=Oogonia,namei=Hosts);
%glm(data=MA,vard=OOS,vari=HOST,order=5,named=Oosp,namei=Hosts);
%glm(data=MA,vard=PED,vari=HOSTIorder=5,named=Sporangia L,namei=Hosts);
%glm(data=MA,vard=SPOB,vari=HOST,order=5,named=Sporangia B,namei=Hosts);
%glm(data=MA,vard=SPOL,vari=HOST,order=5,named=Pedicel,namei=Hosts);
run;

*******************************************************************
*** Program:
disk_4:[wangj.trng.program]meta.SAS ***
*** Programmer: jjw
*** Date:
04/09/97
★★★

*** To:
***

***

analysis for meta data
(statistical modeling)

***
***

*******************************************************************

options ps=54 ls=104 nodate missing- ' mprint;
libname out 'userl :[wangj.trng.program]';
data cross;
infile 'userl :[wangj.trng.program]crossing.dat';
input iso$ concl conc2
i

run;
data cross;
set cross;
group='CR';
run;
proc sort;
by group iso;
run;
proc transpose data=cross out=cross prefix=rep;
by group iso;
var concl conc2;
run;
data cross;
set cross;
if _name_='CONC1' then conc=0.1; else
if _name_=’CONC2' then conc=0.5;
drop _name_;
run;
proc sort;
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by group iso cone;
run;
data meta;
infile 'userl :[wangj.trng.programJmeta.dat';
input iso$ cone repl rep2 rep3 rep4 avg
i

run;
proc sort data=meta;
by iso cone;
data meta;
set meta;
by iso cone;
if iso in ('1496*,’1651'165771699-171699-27171 3-E1’,'1713-E2',’1713-F','1714-B1 V’1714B2') then group='CA’; else if iso in (,2k-1,f,2k-3,t,2k-4,I,3k-1,I,3k-4,,,3k-5,l,5-1,I,5-1a,l,5-2,,,5-2a' '5375-3375-475-4375-6377-1 ',7-1 a77-3a77-5a7J-3b’) then group='NY';
else if iso in ('PI'.'PIO'.'PI 17P127P137P157P167P177P197P207P247P25',
‘P28,,,P29,I'P3,,,P30,,,P32','P33,,'P34','P35,,,P36,,'P38,,’P40','P41',,P42',,P5',,P6,,'P7,1,P8,,'P9') then
group='MA’; else if iso in (,2k1x3k,1,P20x2k,t,P20x3k,,,P20xP4,,,P34xP4,,,p20x1714') then
group='CR';
run;
proc sort;
by group iso cone;
run;
data meta;
merge meta cross;
by group iso cone;
proc print;
title Total meta data set - Combine meta data and crossing data';
run;
proc transpose data=meta out=tmeta(drop=_name_) prefix=res;
by group iso cone;
var repl rep2 rep3 rep4;
run;
data tmeta;
set tmeta(drop=iso);
if res1=. then delete;
proc sort;
by group cone;
run;
*** fit statistical models ***;
proc glm data=tmeta;
class group;
model res1=group;
means group;
TITLE 'MODEL WITH ONLY VARIABLE GROUP';
run;
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proc glm data=tmeta;
class cone;
model res1=conc;
means cone;
TITLE 'MODEL WITH ONLY VARIABLE CONC';
run;
proc glm data=tmeta;
class group cone;
model res1=group cone group*conc;
means group*conc;
means group cone / scheffe;
TITLE 'MODEL WITH VARIABLES CONC, GROUP AND THEIR INTERACTION';
run;
*** calculate summary statistics ***;
proc sort data=tmeta;
by group iso cone;
run;
proc summary data=tmeta noprint;
class group iso cone;
var resl;
ouput out=smeta n=n mean=mean std=std;
run;
proc print data=smeta;
title 'smeta';
run;
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